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THEORETICAL  AND  EXPERIMENTAL  STUDY  OF 
SUPERCONDUCTING  INDUCTIVE  STORAGE 
SYSTEMS 
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The  present  report  covers  work  performed  under  Grant  APOSR- 76-2886 
concerning  a series  of  investigations  on  pulsed  superconduct ing  inductive 
energy  storage  systems. 

The  general  purpose  of  these  studies  was  to  establish  guidelines  to  be 
used  in  the  design  of  pulsed  energy  sources  repetitive  or  for  single  bursts 
of  energy.  In  most  applications  encountered  the  load  is  highly  inductive. 
Now,  it  is  well  known that  capacitive  storage  systems  are  not  economic 
once  the  energy  to  be  stored  exceeds  the  100  kilojoules  level.  A capacitive 
system  is  inherently  a high  voltage  system.  Consequently,  all  its  corrponents 
are  costly  since  they  are  designed  to  operate  under  sustained  conditions  of 
high  voltage. 

Inductive  storage  systems,  on  the  other  hand,  are  "charged"  at  low 
voltage.  The  high  voltage  does  appear,  but  only  at  the  time  of  energy 
delivery.  Then,  it  is  comparable  in  magnitude  to  the  voltage  of  a capacitive 
system  of  appropriate  size.  Another  advantage  of  inductive  system  is  their 
conpactness.  The  cost  estimated  in  terms  of  dollars  per  joule  as  stated 
above  is  more  advantageous  once  the  100  kilojoule  level  is  exceeded. 


The  disadvantages  of  inductive  systems  are  the  ohmic  losses  associated 
with  the  storage.  These  losses  are  high  enough  that  it  has  instigated  the 
development  of  superconducting  inductors  which,  of  course,  are  free  of 
ohmic  losses.  In  many  instances,  the  added  cost  of  the  cryogenic  installa- 
tion is  out-weighed  by  the  overall  economic  gain  obtained  when  using  a 
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superconducting  system.  Other  disadvantages  associated  with  such  systems 
are  the  relatively  poor  state  of  the  art  of  superconducting  switches  and 
of  superconducting  power  supplies  needed  to  "charge"  the  inductors.  Final- 
ly, a serious  disadvantage  of  the  inductive  storage  is  its  inefficiency 
in  energy  transfer  when  the  "load"  is  inductive. 

In  the  series  of  investigations  which  have  been  performed  at  CWRU, 
several  of  the  objections  encountered  above  have  been  successfully  resolved. 

In  the  first  part  of  this  report  the  general  theory  of  energy  transfer  from 
an  inductive  system  is  discussed.  In  the  second  part,  specific  suggestions 
of  improving  the  transfer  are  outlined.  The  experimental  verifications  of 
these  concepts  by  Chung  and  Holland  are  included  in  parts  III  and  IV.  In 
the  last  part  of  the  report  suggested  improvements  in  the  design  of  inductive 
systems  are  described. 

— / ■ 1 ~ Carruthers , R. , "The  Storage  and  Transfer  of  Energy",  High  Magnetic 
Fields,  ed.  by  Kolm,  The  MIT  Press,  pp.  307,  1962. 
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PART  I 

GENERAL  THEORY  OF  ENERGY  TRANSFER 


1.1  Governing  Relations  for  Transfer 

The  mechanian  of  energy  transfer  of  the  magnetic  energy  stored  in  an 
inductor  to  another  inductor  can  be  described  in  the  most  general  manner 
and  from  first  principles  by  means  of  Maxwell  equations. 

The  starting  point  of  the  arguments  are  Ampere's  relation 


7 x H = J 


(1) 


and  Faraday's  relation  for  a moving  conductor 

3B 

V x (E  + v x B)  = - ^ (2) 

The  term  corresponding  to  the  displacement  current  has  been  emitted  from 
(1)  for  the  purpose  of  de-emphasizing  the  inport ance  of  the  electric  energy 
stored  by  corparison  to  the  magnetic  energy  stored.  Stated  in  a different 
way  we  can  state  that  the  displacement  current  corrpared  to  the  conduction 
current  is  of  the  order  (v/c)  , the  square  of  the  ratio  of  the  mechanical 
velocity  of  the  conductor  to  the  velocity  of  light.  By  invoking  the 
constitutive  relations 


B = W(H  (3) 

manipulation  of  the  two  equations  (1)  and  (2)  leads  to 

3 B2 

at  (2T}  = + v-J  x B + 7-(E  x H)  (4) 

The  above  expression  is  well  known  and  appears  in  several  classic  textbooks. 
It  actually  states  that  the  rate  of  change  of  the  magnetic  energy  associated 

1 


I 


i 


with  the  moving  conductor  is  equal  to  the  electric  power  supplied  from  the 
battery,  to  the  rate  of  the  mechanical  work  performed  on  the  conductor  and 
to  the  power  radiated  from  the  conductor. 

If  one  integrates  over  all  space,  it  is  readily  found  that 

SR2 

"at  / = / E- Jdx  + / (v-J  X B)dx 

Mo 

+ /(ExH)-do  (5) 

The  above  equation  (5)  is  now  applied  to  the  case  of  a superconducting 
inductor  and  to  the  situation  corresponding  to  an  impulsive  transfer  of 
energy  from  inductors. 

The  first  integral  cm  the  right  hand  size  viz.,  / E'Jdr  = 0 everywhere. 
This  is  because  J f 0 only  in  the  volume  enclosing  the  conductor.  Conse- 
quently the  volume  of  integration  becomes  the  volune  of  the  conductor.  But 
in  the  conductor  E = 0 , hence  the  integral  vanishes  as  stated  above. 


The  last  integral  on  the  right  hand  side  is  related  to  the  energy  radiated 
from  the  inductor.  Now  the  surface  of  integration  corresponds  to  the  surface 
of  the  conductor  plus  the  surface  of  a sphere  of  infinite  extent.  The  contribu- 
tion from  the  large  sphere  is  zero  since  E v , H ^ and  the  integrand 

r z 

1 r 

goes  like  — which  tends  to  zero  as  r becomes  infinitely  large.  Tbe  value 

of  the  surface  integral  evaluated  over  the  conductor  usually  vanishes  since 

E = 0 except  for  the  time  when  the  circuit  is  opened  to  initiate  the  transfer 

of  energy. 

Eq.  (5)  turns  out  to  a very  useful  expression  because  it  allows  one  to 

] 

discuss  most  of  the  cases  associated  with  the  transfer  of  energy  from  a 
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superconducting  inductor.  To  illustrate  the  generality  of  this  expression 
we  consider  a nurtoer  of  typical  cases. 

Case  I No  Mechanical  Motion  Takes  Place 

When  the  conductor  does  not  move  one  is  dealing  with  the  classic  situation 
where  a "charged”  inductor  delivers  part  of  its  stored  energy  to  another 
inductor  • It  is  clear  for  this  particular  case  that  Eq.  (5)  reduces  to 


* / (Ex  H)*do 
o 


or 


f B2  H 

;VT 


= / dt  J (E  x H)-da 
0 0 


(6) 


(7) 


The  change  in  the  magnetic  energy  is  thus  equal  to  the  total  energy  that  has 
escaped  from  the  system  in  the  form  of  radiation.  To  fix  the  ideas  let  us 
assume  that  . This  then  irrplies  that  after  the  energy  transfer  the 

current  in  each  inductor  will  be  one  half  the  initial  value  of  the  current  in 
. From  similarity  argunents  it  follows  that  the  magnetic  field  is  halved 

r 

also.  This  means  that  at  t = « , the  magnetic  energy  stored  in  the  system 
becomes: 


I 


B2 


coil  1 2p 


d + ^coil  2 2\i  dT  2(4  / dT 


2u 


o "o  "o 

indicating  that  half  the  energy  has  been  dissipated. 


) 


(8) 


t=0 


Case  II  The  Coil  Moves  Inpulsively.  But  the  Circuit  is  Not  Interrupted 

In  this  case,  the  last  term  of  Eq.  (5)  vanishes  since  the  Poynting  vector 
is  zero  at  all  times.  An  important  property  of  this  circuit  is  that  the  change 
of  magnetic  energy  goes  into  mechanical  energy.  Because  the  system  has 
become  reversible  it  behaves  like  an  adiabatic  system  from  a thermodynamic 
point  of  view.  The  proof  of  this  assertion  is  easy  to  demonstrate.  Indeed 


! 


1 

4 

if  we  write 

J x B = m V-  (9) 

The  modified  equation  becomes 

K ' ^ <10> 

or 

fL  d,  = /(2f )d,  OO)' 

O 

which  ccnpletes  the  proof.  It  is  clear  that  v could  stand  equally  well 
for  an  angular  velocity  without  loss  of  generality. 

A corollary  to  the  above  conclusions  is  that  from  the  well  known  work 
on  electromechanical  analogies  one  can  visualize  v as  equivalent  to  the  charge 
on  a capacitor  so  that  the  results  (obtained  above  are  that  energy  is  transferred 
from  kinetic  to  potential  form  without  any  losses. 

1.2  Basic  Rules  for  Transfer 

The  transfer  of  the  magnetic  energy  stored  fran  an  inductor  to  a purely 
resistive  load  does  not  pose  any  fundamental  difficulties  since  all  the  energy 
stored  can  be  utilized. 

On  the  other  hand,  the  transfer  of  the  magnetic  energy  from  one  inductor 
into  another  can  be  a dissipative  process  as  was  shown  in  the  previous  section. 

The  discussion  of  the  same  section  points  to  the  following  basic  rules 

1)  Inductors  discharging  directly  into  inductors  will  lead 
to  an  energy  loss. 

2)  The  addition  of  condensers  to  the  circuit  makes  the 
transfer  lossless. 


j 


ma 


PART  II 


IMPROVED  MHIHCD  OF  ENERGY  TRANSFER 

11. 1 Pure  Induct  ,ve  System 

c 

The  efficiency  for  the  transfer  of  energy  for  the  purely  inductive 
system  discussed  in  Case  1 of  1.1  is  obviously  related  to  a geometrical 
factor.  An  equivalent  statement  is  that  it  is  a function  of  the  ratio  of 

w 

To  study  the  generality  of  this  effect  one  considers  the  case  of  the 

energy  being  stored  in  more  than  one  inductor.  Actually  when  a series/parallel 

combination  is  used  it  becomes  apparent  that  an  advantageous  arrangement  is 

that  of  the  electromagnetic  dual  of  the  Marx  generator.  In  this  scheme,  the 

inductors  are  "charged"  in  series  and  subsequently  "discharged"  in  parallel. 

(2) 

The  theory  for  this  scheme  was  first  reported  in  1977.  The  details  of  the 
proof  is  covered  at  length  in  Part  III  of  this  report. 

The  essential  conclusion  that  is  reached  is  that  the  transfer  efficiency 
is  improved  from  the  25%  value  for  two  equal  inductor  to  33%  with  the  present 
scheme. 

11. 2 The  L-C  System 

It  was  seen  in  the  previous  section  that  the  addition  to  the  system  of 
another  degree  of  freedom  (either  through  electromechanical  conversion  or 
through  capacitors)  makes  the  system  reversible  and  hence  lossless. 

The  disadvantage  in  adding  a capacitive  system,  however,  is  that  the 
condensers  must  be  able  to  handle  all  the  energy  stored  in  the  inductors. 
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Under  these  conditions  the  x>st  of  the  system  is  unduly  increased. 

An  alternative  approach  to  the  sirrple  addition  of  capacitance  to  the 
system  is  to  examine  various  pulse  shaping  circuits  made  up  of  lossless 
caiponents  (inductors  and  capacitances).  Although  the  use  of  pulse  shaping 
circuits  does  not  alter  the  condition  that  all  the  condensers  eventually 
have  to  handle  a major  fraction  of  the  energy  stored  there  is  the  definite 
improvement  of  preventing  the  current  from  oscillating  (hence  no  current 
reversal)  and  consequently  improving  the  efficiency  of  transfer  by  minimizing 
the  mi  snatch  between  the  storage  system.  The  general  theory  of  pulse  shaping 
is  given  in  Section  II. 3 of  this  part  while  a specific  configuration  is 
discussed  in  details  in  Part  IV. 

II. 3 Pulse-Shaping  Circuit* 

I I . 3 . 1 Introduct ion 

Of  concern  is  pulse  management  and  control  in  dynamic  systems.  Normally, 
unless  special  conditions  are  met,  the  pulse  response  of  a dynamic  system  shall 
have  tails  or  asynptotes  that  stretch  out  to  infinity.  A transducer  may  keep 
vibrating  long  after  the  original  excitation.  An  antenna  may  stretch  the  trans- 
mitted signal.  A stepping  motor  may  continue  to  vibrate  for  extended  periods 
of  time.  A corrmunication  channel  may  cause  signals  to  overlap.  Similarly,  a 
filter  in  the  path  of  a signal,  may  serve  well  to  scrub  the  signal  off  its  noi.se, 
but  a long  tail  is  also  added. 

Gerst  and  Diamond  posed  this  problem  in  Reference  3.  They  also  suggested 

* 

This  section  contributed  by  D.  Hazony  was  presented  at  a Conference  in 
honor  of  Prof.  R.  J.  Duffin  at  Camegie-Mellon  Univ. , July  10-14,1978.  The 
proceedings  of  the  conference  will  appear  soon  in  a book  form. 
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several  solutions.  Philipp  Dines  and  the  author  continued  the  work  and  showed 
that  it  is  also  possible  to  control  some  aspects  of  the  output. 

These  works  are  reviewed  in  this  paper.  Moreover,  it  will  be  seen  that 
a number  of  degrees  of  freedom  may  be  added  which  need  be  no  larger  than  the 
degree  of  the  network  plus  one. 

11.3.2  The  Finite  Laplace  Transform 

Consider  a dynamic  system  where  the  input  is  e^t)  , the  output  is 
eo(t)  and  they  have  the  Laplace  Transforms  E1  and  E^  governed  by  the 
relationship 


(1) 


where  ^(s)  represents  the  transfer  function  of  an  initially  relas.^i 
dynamic  system. 

The  problem  is  reduced  to  that  of  obtaining  an  input  e^  such  that 
the  output  is  confined  to  the  interval  0,T  . This  defines  a Laplace 
transform: 

T 

E2  = / eQ(t)  e~st  dt  (2) 

o 


which  is  denoted  as  a finite  Laplace  transform. 


The  following  are  examples  of  finite  Laplace  transforms: 


1 - exp  - (s+1 ) 
s + T 


(3) 


Note  that  these  functions  have  their  poles  cancelled  by  zeros  of  the 
numerators.  Hence  they  are  entire  functions.  It  has  been  proved  by  Gerst 
and  Diamond  [1]  that: 

Theorem  1 : If  P..  and  D are  polynomials  in  s with  the  P^'s  of 
lower  degree  than  D , and  if  the  a.'s  are  non  negative  real  numbers, 
then: 


9 


1 k 

GU)  = n I pi  «xp(-a -s) 
u i=l  1 1 


is  a finite  Laplace  transform  of  length  a(=  max  a^  if,  and  only  if,  it 
is  entire. 

In  what  follows  we  shall  insist  that  both  E-j  and  E^  shall  satisfy 
the  conditions  of  Theorem  1. 
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TI.3.3  Examples 

The  basic  procedure  will  be  illustrated  by  the  following  example. 

It  will  also  serve  to  bring  out  some  special  features  of  interest.  Con- 
sider the  Low-Pass  filter  shown  in  Fig.  1. 


Figure  1.  Low  Pass  Filter 


The  voltage  transfer  function  of  this  filter  is: 


21  " Ei  " s2  + 2s  + 2 ’ Ts  + i + JTTs+Tryj- 


One  possible  input  would  have  the  Laplace  transform: 


(5) 


1 - exp(-as-a) 
s + 


(6) 


provided  of  course  that  the  numerator  is  zero  at  (s  + l+j)  = 0 which  are 
the  zeros  of  the  denominator.  This  restricts  amin  to  be  2*  . 

This  example  is  suggested  by  Gerst  and  Diamond.  To  remove  this  last 
restriction  on  the  interval  'a'  they  suggested  the  following: 


(1  - exp  - 1 s) ( 1 - exp  - 1 (s+l+j ))(1  - exp  - ^ (s+l-j)) 

s 


(7) 


11 


The  first  term  (l-exp-|  s)/s  is  inserted  to  make  the  input  piecewise 
constant.  The  other  terms  are  zero  at  (s  + l+j)  * 0 . Gerst  and 
Diamond  call  their  method  zero  insertion.  Note  that  ’a'  is  arbitrary  and 
can  be  very  small.  The  fact  that  'a'  is  arbitrary  permits  optimization 
schemes.  These  can  be  carried  out  in  respect  to  efficiency,  shape,  or 
output  energy. 


► 
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II. 3. 4 Development  for  Degree  2 

Applying  the  above  technique  to  the  filter: 


t21  = (a2  + e2)/[(s  + a)2  ♦ B2]  , 


t8) 


Gerst  and  Diamond  determined  the  following  input-output  pair  where  T is 
the  pulse  duration; 


Ts 

3 


T(sA°_-jB) \f  _ ILS±°  till  \ 


1 - e 


E.(s)  = i- 


) 


E (S)  = la2.Uii(l^e_?J(xr. 


T(s-t-a-jB) 

3 


)(,. 


. I(s+a+Jl| 


(9) 


S[(s+a)2  ♦ B2] 


Let  u(t-to)  * 1 for  (t  >_  tQ)  and  zero  elsewhere.  The  following  is  the 


time  response  of  the  above 


e^t) 


Jo 

3 


2Ta 


u(t)-  ( l+2e  J cos  yA  u(t  - j)  + / e 3 ♦ 2e  ' cos  -f- 


Ta 

3 


) 


TB 

3 


2Ta 


u(t-^)-e  3 u(t-T)  , 


■( 


Ta 


2Ta  Ta 


e„(t)  * r(t)  - ( 1 + 2e  3 cos  ) r(t  - X)  + ( e 3 + 2e  3 cos  ^ ] * 


2Ta 


r(t-^)-e  3 r(t-T)  , 


where 


r(t)  « (l  - e‘nt  cos(Bt- tan-1  |))  u(t)  . 


(10) 


1 


L3 

Thus  the  method  has  one  arbitrary  constant.  It  is  piecewise  constant 
with  three  equal  steps.  The  following  input  function  was  suggested  in 
Reference  4. 

s Vs  OU 

N1  “ 1 * sTnfb-aT  exp('  a(s+a)/B,+  ^'nlb-TT  exp1'  b(s+a)/B> 
where  a and  b are  roots  of: 

f . «w_v«X-Wii  . consu„t  (12) 

Setting  s * 0 , or  -a  + js  gives  * 0 . A typical  input-output  plots 
(for  a - 6 = 1)  are  shown  in  Fig.  2. 


Figure  2 
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A study  of  f (Eq.  12)  shows  that  It  is  multivalued  for  x > * . 

Hence  the  resulting  minimum  pulse  length  is  larger  than  it  . The  following 
function  (N1  in  Eq.  13)  has  no  length  limit.  Moreover  it  has  three 
degrees  of  freedom.  The  function  will  be  derived  in  Section  6. 

Thus: 

E1  « Nj/s  (13) 

N1  = 1 + A exp(-a(s+a)/B)+ B exp(-b(s+a)/B)+  C exp{-  c(s+a)/B) 

AD  = sin(a-c)  + sine  exp-ba/B  - sinb  exp-ca/B 
BD  = sin(c-a)  + sina  exp-ca/B-  sine  exp-aa/B 
CD  = sin(a-b)  + sinb  exp-aa/B  - sina  exp-ba/B 
D = sin(a-c)  exp  - ba/B  + sin(c-b)  exp-aa/B  + sin(b-a)  exp-ca/6 

This  function  (N^ ) is  zero  at  the  origin  and  s = -a  + jB  . The  break 
points,  a,  b , and  c , are  perfectly  arbitrary. 


f 


II. 3. 5 The  Bipolar  Case 
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1 


A bipolar  pulse  is  relatively  easy  to  produce  either  by  switching  or  by 
hard  amplification.  In  what  follows  it  will  be  shown  that  it  is  possible 
to  obtain  a time  limiting  bipolar  pulse  for  the  degree  2 network. 

Without  loss  in  generality  let  a = B = 1 and  let  c = * in  Eq.  13. 
This  gives 

N-j  = 1 - c.|  exp-as  + c^  exp-bs  - c3  exp-ns  (14) 

C4C1  = s i nb ( 1 + exp-u)  exp-a 
C4C2  = s i na ( 1 + exp-n)  exp-b 
C4C3  = (sin(a-b)  + sinb  exp-a  - sina  exp-b)  exp-n 
C.  = sin(b-a)  exp-*  + sinb  exp-a  - sina  exp-b 

This  function  simplifies  considerably  when 


sina  expa  = sinb  expb 
= K 


Accordingly: 

N.j  = 1 - C1  (exp-as  - exp-bs)  - exp-ns 

r = sinb(l  + exp^r)  exp-a 
H ’ sirT(b-a) 


05) 


(16) 


A plot  of  sinx  expx  vs  x (Eq.  15)  is  shown  in  Fig.  3. 

When  K -►  0 the  coefficients  a and  b approach  0 and  n 
respectively.  Then  (Eq.  16)  approaches  unity.  On  the  other  hand 
when  b-a  approaches  zero  (near  x * 3*/4  ) makes  approach 
infinity.  It  follows  that  C1  may  assume  any  value  1 < C1  < - . 


• i t a 4 

Figure  3.  sin*  exp*  vs.  x 

Making  = 2 gives: 

Ni  1 

E1  = — = j (1  - 2 exp-as  + 2 exp-bs  - exp-rs)  (17) 

representing  the  bipolar  pulse. 

A computer  plot  of  output  signals  corresponding  to  Eqs.  9 and  17  is 
shown  in  Fig.  4.  It  is  seen  that  the  response  to  the  bipolar  input  is 
significantly  higher. 


Ik 
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II. 3. 6 The  Main  Theorem 

6iven  an  RLC  network  of  degree  n . Then  it  is  possible  to  find  a 
stepwise  constant  pulse,  with  n+1  steps  of  arbitrary  lengths,  which  will 
evoke  a time  limited  network  response. 

The  proof  is  an  induction.  It  will  be  shown  that  new  poles  can  be 
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Thus  both  Gabc  and  Gbcd 


are  zero  at  s * -a  + je  and  are  equal  to 


j at  s 


Therefore 


P . Gabc  _"_Gbcd 

abcd  ' Gab^"T  ‘ Gbcd^ 


(21) 


is  zero  at  s = -a  + jf  as  well  as  s , and  s^  . Moreover  to  produce  a 
— o o 

zero  at  the  origin  we  add  one  more  point: 


Fabcde 


Fbcde<°> 


Fbcda™' 


abed 
Fabcd^ 


' Fabcd^  Fbcde 
* Fabcd^  Fbcde^ 


Similarly,  any  number  of  zeros  would  be  generated.  This  completes  the 
proof. 
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PART  III 


CHAPTER  I 


INTRODUCTION 


Since  the  advent  of  high  field  superconductors,  inductive  energy 

storage  has  become  attractive  not  only  as  a load  levelling  method  in 

electric  utility  systen^  but  as  a pulsed  power  source  for  lasers 

(2) 

and  electron  beam  sources'  / and  for  controlled  theormonuclear  fusion 


reactors. 


(3) 


As  a pulsed  power  source,  it  has  been  shown  that  an  in- 


ductive energy  storage  system  has  advantages  in  size  and  cost  over 

5 

a capacitive  storage  when  the  stored  energy  exceeds  around  10 
joules. <4>’  <5> 


In  order  to  transfer  energy  fran  the  storage  inductor  to  a load, 
there  has  to  be  seme  interface  circuit,  which  determines  the  energy 
transfer  efficiency  of  the  system.  A survey  by  Kcmarek^  illustrates 
several  possible  transfer  circuits,  their  maximum  efficiency  obtaina- 
ble, and  the  design  limits  of  each  scheme.  It  is  well  known  that  the 
simplest  transfer  circuit  composed  of  shunt  and  series  switches  only 
has  an  efficiency  of  maximum  25%  for  a matched  load,  and  to  upgrade 
the  efficiency  it  is  necessary  to  include  a reactive  element  in  the 
form  of  a capacitor  or  a mutual  inductance.  This  in  turn  increases 
the  total  cost  of  the  storage  system,  since  equally  high  rating 
components  are  required. 


One  of  the  major  problems  in  inductive  energy  storage  is  encoun- 
tered in  the  technological  limitation  of  the  switches  for  the  transfer 


2 


circuits.  Different  types  of  the  current  breakers  have  been  used  at 

(7) 

different  time  scales'  , and  a great  deal  of  effort  is  being  expended 
to  meet  the  requirements  for  each  application/8^ 

/ 

The  main  concern  of  this  work  has  been  a feasibility  study  on  a 
superconducting  SKRAM  generator,  which  produces  a high  current  out  of 
the  magnetic  energy  stored  in  many  inductors.  This  is  an  electro- 
magnetic dual  of  the  Marx  generator,  in  the  sense  that  a number  of  in- 
ductors are  charged  first  in  a series  connection  and  then  all  are 
switched  into  a parallel  circuit  to  produce  a high  current  in  a load. 
(The  name  SKRAM  generator  is  derived  fran  Marx  generator  by  reversing 
the  order  of  the  letters  of  Marx  (or  Marks).  The  main  features  of 
this  generator  are: 

1)  An  improved  efficiency  over  the  simple  transfer  scheme 
without  a reactive  element. 

2)  Less  stringent  requirenents  cm  the  switches,  and 

3)  Shorter  discharge  time  constant. 

Although  several  methods  have  been  worked  out  to  minimize  the 
heat  loss  due  to  feed  current  leads  to  the  superconducting  mag- 
nets, it  is  preferable  to  avoid  the  use  of  current  leads  to 

the  liquid  He  dewar  if  it  can  be  done.  For  this  reason,  current  is 
generated  within  the  liquid  He  bath  by  a device,  so  called,  flux  pump, 
on  which  an  extensive  review  was  done  by  the  group  at  Leiden  / ^^ 

Flux  pimps  can  be  classified  into  two  categories  according  to  the  mode 
of  operation. 


1)  Flux  pimps  employing  discrete  superconducting  switches/12  ^ 

2)  Flux  puips  arploying  flux  spots  t ran  ported  through  super- 
conducting sheets  by  light  beams^16),  or  by  moving  magnetic 
fields/17'21) 


The  generation  of  current  flux  puips  invariably  accompanies 

heat  dissipation,  and  a qualitative  comparison  on  the  efficiency  of  the 

(22) 

various  types  of  flux  pimps  was  made  by  Newhouse.  ' Aoong  those  in 
the  last  category,  the  flux  pimp  of  a rotating-magnet  type  is  one  of 
the  most  popular  and  widely  used.  Although  several  mathematical 
formulations  have  been  made  on  the  operational  characteristics  of  the 
similar  types  of  the  flux  pumps^2'1-2'1) , and  an  appreciable  amount  of 
empirical  informations  has  been  obtained  on  the  emf  due  to  the  flux 
motion  in  a superconducting  sheet^26),  an  exact  theoretical  under- 
standing is  not  achieved  yet.  There  still  exist  many  unsolved  problems 
associated  with  the  moving  normal  spot  in  the  superconducting  sheet 

and  rather  an  intuitive  approach  has  been  used  in  the  design  of  flux 

(27) 
pump.  1 

Chapter  II  is  devoted  to  the  general  considerations  and  the 
transient  analysis  of  the  SKRAM  generator.  In  Chapter  III,  the  design 
and  construction  details  of  the  flux  punp  are  discussed.  The  experi- 
mental apparatus  and  the  measurenents  are  described  in  Chapter  IV  and 
the  sumnary  is  included  in  Chapter  V. 


CHAPTER  II 
SHRAM  GENERATOR 

1.  General  Considerations 

A superconducting  SKRAM  generator,  shown  schematically  in  Fig.  1 , 
consists  of  n storage  inductors,  superconducting  switches  and  a flux 
punp.  L1’s  are  storage  inductors,  and  is  a load  inductor.  The 

method  of  operation  is  as  follows. 

1)  The  switches  Sj's  are  kept  open,  while  switches  S's  are 
closed.  This  interconnections  put  all  the  inductors  in 
series. 

2)  The  series  of  inductors  is  charged  by  the  flux  pump,  and  a 
persistent  current  1^  is  made  to  circulate  around  the 
circuit . 

3)  The  switches  S^s  are  now  closed,  and  then  S's  are  open. 
This  converts  all  the  storage  inductors  into  parallel 
configuration,  and  the  final  current  If  is  induced  in  the 
load. 

The  relation  between  the  initial  current  1^  and  the  final 
current  If  in  the  load  inductor  is  obtained  from  the  condition  of 
flux  conservation  in  the  main  lot?)  i (Fig.  1)  as 

W Vn)  = W V (1) 

Therefore,  the  current  amplification  A is  found  to  be 


J 
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,.f£ 


1 + hfhi 
1 * VS 


On  the  other  hand,  the  energy  transfer  efficiency  of  the  system  is 


given  by 


<l2f 


A2  - 1 


I2(I^+  nL^)  1+nV4 


The  functional  dependence  of  A and  n on  the  number  of 
inductors  for  different  values  of  is  shown  in  Figs.  2 and  3 . 

When  many  inductors  are  employed  and  L^/L*,  > 1 , the  current  amplifi- 
cation approaches  its  maximum  attainable  value  A^  = l+L^/L^  • The 
highest  maxinum  transfer  efficiency  of  33%  occurs  when  L^/I^  = 3 , 
and  n = 5 . As  L increases,  the  maximum  efficiency  drops  and 
finally  reaches  to  the  lowest  maximun  efficiency  of  25%  . This  is 
readily  seen  by  reducing  Eq.  (3)  under  the  condition  L-j/I+j  >:>  1 • 


That  is, 


* 4 

n ^ rr- 


M - — 5 O 

"^2  (l+Lj/nl^; 

and  when  n = L^/l*,,  n has  a maximum  of  25%  . 

To  better  understand  the  system  performance  in  detail,  two  other 


parameters  are  introduced  as  follows. 


1)  Loss  factor  fL  = 


Wi-Wf 


w - w 

2)  Residue  factor  fR=  -f-  y lf 
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where 

w*n 

and 

the  Initial  (final)  energy  of  the  system 
the  final  energy  in  the  load. 


The  loss  factor  determines  the  percentage  of  the  energy  loss 
during  switching,  and  the  residue  factor  is  the  percentage  of  the 
energy  retaining  in  the  storage  inductors.  Then  front  the  relation  of 
Eq.  (1),  and  the  definitions  (5)  and  (6),  f^  and  f^  are  obtained  as 


f 


L 


= 1 


(i+i w2 

( 1+Lj/nkj ) ( 1+nLj/L^ ) 


(7) 


and 


d+W2 

( 1+nL^/L^ ) ( l+Lj/nL^ )2 


(8) 


Eqs.  (7)  and  (8)  are  plotted  as  functions  of  n for  different 

values  of  L^/L^  in  Figs.  4 and  5,  respectively.  It  is  seen  that  the 

two  factors  have  carmutative  effects  on  the  efficiency  such  that  fD 

has  a dominant  effect  for  small  value  of  n , while  fT  does  for 

large  value  of  n . For  a snail  initial  current  in  the  load  inductor, 

the  following  relation  between  n , fT  and  f_,  holds. 

r 

n + fL+  fR  * 1 (9) 

For  a large  value  of  n , most  of  the  energy  of  the  system  is 
lost  through  the  power  dissipation  in  the  switches  and  is  not  recov- 
erable. If  the  system  returns  to  the  charging  configuration,  (l-f. )2 
of  the  initial  energy  is  recoverable. 
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2.  Transient  Analysis 

The  transient  condition  of  the  SKRAM  generator  is  analyzed  in 
detail  for  the  following  conditions. 

1)  Pumping  of  magnetic  flux  into  the  storage  inductors  occurs 
stepwise.  This  is  generally  true  when  the  generator  is 
charged  by  a flux  pimp. 

2)  The  switches  have  a finite  resistance  in  open  condition. 

When  superconducting  switches  are  employed,  the  resistance 
of  the  switches  at  normal  state  may  not  be  high  enough  to 
allow  the  system  a fast  response. 

3)  For  the  simplicity  of  analysis,  it  is  assimed  that  n = 3 
and  L^/L«2  e 3 * 

The  analysis  is  carried  out  based  on  the  circuit  diagrams  of 
Fig.  6 (a)  and  (b).  The  flux  pump  is  represented  as  a switch,  which 
introduces  magnetic  flux  * into  the  circuit  at  time  t = 0 in  (a), 
the  charging  period.  In  discharging  period  (b),  it  is  short-circuited. 
The  currents  with  alphabetical  subscripts  refer  to  the  real  currents 
in  the  inductors.  As  shown  in  Appendix  I,  the  current  through  each 
inductor  and  switch  in  charging  and  discharging  period  is  obtained  as 
follows.  Here  t stands  for  the  time  constant  L^/R  . 

A.  Charging  Period 

In  the  ccnplex  frequency  domain  the  currents  are  given  by 


In  the  time  domain 

_ id  t - — t 

iL  = |o  (i+8.9e  T + O.le  T , (15) 

8.4  ^ _ 0.6 

ia  = ic  = fol^  C1"1-26  T + 0.25e  T ~ 0.05e"t/T)  (16) 

_ id  t 0.6 

*b  = TO  (1-0- ^ T - 0.5e  T + 0.06e_t/2T  ) (17) 

_ id  t 0.6 

^ ^ (lOe  T -0. 15e  T +0.05e_t/T)  . (18) 

Eqs.  (15)  - (18)  are  plotted  in  Fig.  7 with  t as  a parameter. 

It  is  seen  that  for  t = 0.5  sec.  and  a pimping  speed  of  20$  per  sec. . 
the  current  in  the  storage  inductors  reaches  approximately  60%  of  its 
peak  value  just  before  the  next  stroke  of  flux  jxirping.  In  other 
words,  if  the  time  constant  is  not  short  enough  compared  to  the 
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pimping  period,  a good  part  of  magnetic  flux  pumped  into  the  circuit 
builds  up  in  the  load  inductor  instead  of  the  storage  inductors 
momentarily,  vfoich  will  give  rise  to  a high  transient  current  in  the 
load.  The  insert  in  Fig.  7 shows  the  dependence  of  the  current  in  the 
switches  on  the  time  constant.  This  transient  current  will  result  in 
an  energy  loss  of  the  system  through  the  power  dissipation  on  the 
switches.  The  requirement  for  the  time  constant  t for  the  fast 
response  of  the  system  is  given  roughly  by  the  inequality  t = L^/R  <_2T , 
where  T is  the  period  of  flux  pumping. 


B.  Discharging  Period 

Similar  expressions  to  those  in  A are  found  and  are 


l = i = -s±6/i  i 
Lh  X1  s(sK3/t) 


I =1-1  = s + i = i = i 

a L1  l2  s(Sf3/t)  i lb  i 


(19) 


(20) 


1«  Ir»“  lo 


R 3 2 »K3/t  i 


h , 


(21) 


where  Ii  is  the  circulating  current  in  the  circuit  before  discharge. 


Solving  in  the  time  domain, 

iL  = 2Ii<1-ie"3t/T) 

“a  *b  ” Jc  " 3 iivx  ’ 2 


2 T ...  ,1  -3t/iv 

i_  = i,  = i = - 1,(1  + o e ) 


^ " Ii  e 


-3t/x 


(22) 

(23) 

(24) 


Eqs.  (22)  - (24)  are  plotted  in  Fig.  8 for  different  time 


W|N> 


0.05  0.1 


1 sec 


Fig.  8 Discharging  Characteristics  of  SKRAM  Generator 
for  Different  Values  of  t = L^/R  . 
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constants.  It  is  seen  that  the  current  rise  time  in  the  load  is 
shortened  by  1/3  of  the  sinple  transfer  scheme.  The  insert  in  Fig.  8 
shows  the  current  through  the  switches  in  the  discharging  period.  The 
peak  current  to  be  handled  by  switches  is  equal  to  the  initial  current 

Ji  * 

In  suimary,  the  transient  analysis  reveals  the  following  charac- 
teristics of  the  SKRAM  generator. 

1)  To  prevent  a transient  build-up  of  current  in  a load  inductor 
while  the  generator  is  being  charged,  the  resistance  of  the 
open  switches  must  be  high  enough  to  satisfy  the  inequality, 

t = Lj/R  <_  2T  , where  T is  the  flux  punping  period. 

2)  The  discharging  time  constant  of  the  generator  is  given  by 

, = 

D 3 T 3 R - 

3)  Power  dissipation  and  hence  energy  loss  results  from  the 
transient  current  in  the  switches  and  depends  on  t . Hie 
peak  voltage  developing  across  the  opening  switches  in 
discharge  is  VR  = RI^  , where  R is  the  resistance  of  the 
switches  in  open  condition. 


CHAPTER  III 


FLUX  PUMP 


1.  Design  Consideration 

Che  of  the  simplest  version  of  the  rot  at  ing-magnet  flux  purp  is 
shown  in  Fig.  9 . It  consists  of  a cylindrical  Nb  sheet  and  magnets 
of  a few  poles  rotating  about  a concentric  shaft  to  the  sheet.  Tbe 
poles  of  the  magnets  have  the  same  polarity  facing  the  sheet  and 
produce  a magnetic  field  which  is  high  enough  to  cause  the  super- 
conducting Nb  sheet  to  quench  to  the  normal  state  over  a snail  region. 
Superconducting  wires  are  connected  to  the  top  and  bottom  of  the  Nb 
cylinder  periodically  and  grouped  together  to  form  the  output  terminal 
of  the  flux  pimp. 


The  operation  of  the  flux  pimp  relies  on  the  principle  of 
conservation  in  a multiply-connected  superconductor.  Although 
exact  theoretical  prediction  has  not  been  successful  yet,  the 
following  set  of  equations  has  been  formulated  on  the  basis  of 

ncmenological  arguments  for  the  enf  and  the  loss  of  the  flux 

„„„  (23-25) 
pimp, 


flux 

an 

phe- 


emf  = nw(P-i^I)  (25) 

loss  « ntiiipl^  (26) 

where  n is  the  mmber  of  poles  of  the  rotor,  w the  rotation  speed 
in  rps,  I the  load  current,  P the  flux  per  normal  spot , and  Lp 
and  IQ  are  the  effective  inductance  of  the  spot,  and  the  effective 
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current  on  the  spot,  respectively.  However,  because  of  the 
canplicated  nature  of  the  physics  of  the  moving  spot,  those  effective 
quantities  have  not  been  quantitatively  calculated. 

A general  idea  on  selecting  a proper  material  suggests  that  a 
thin  superconducting  foil  of  high  resistivity  at  normal  state  has  a 
better  performance  than  a sheet  of  low  resistivity  for  high  speed 
operation.  This  is  due  to  the  fact  that  a moving  normal  spot  on  the 
superconductor  is  distorted  considerably  as  the  material  is  thicker 
and  of  lower  resistivity. 

2.  Construct ion  Details 

The  dimension  of  the  Nb  sheet  cylinder  must  be  designed  so  as  to 
be  able  to  carry  the  design  current.  By  a rule  of  thunb,  the  current 
carrying  capacity  of  a pure  Nb  sheet  is  estimated  to  be  10-15  Anp/nm 
for  1 mil  thickness.  To  secure  an  efficient  operation  at  high 

speed,  a thin  Nb  foil  of  0.4  mil  thickness  is  wound  as  a cylinder  of 
2.875"  diameter,  whose  circumference  is  9".  The  current  carrying 
capacity  is  then  found  to  be  around  1000  Anps.  Twelve  NbTi  super- 
conducting wires  of  0.02"  dia.  are  spot-welded  on  both  edges  of  the 
Nb  foil.  Fig.  10 shows  the  photograph  of  the  unwound  Nb  foil  with 
NbTi  wires  spot-welded.  Forming  a cylinder  with  thin  foil  requires 
a special  consideration  in  selecting  the  structural  materials.  From 
a series  of  tests  with  different  materials,  it  has  been  found  that 
teflon  and  micarta  have  significantly  different  thermal  contraction 
ratios  with  each  other  at  low  temperature.  Therefore,  the  Nb  foil  is 
allowed  to  fit  between  the  teflon  and  micarta  rings,  and  when  it  gets 
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oold,  the  outside  teflon  ring  shrinks  inward  to  tightly  hold  the  foil. 

Although  it  depends  on  many  parameters  such  as  its  purity  and 
metallurgical  process,  the  critical  field  of  Nb  is  estimated  to  be 
around  2 kG  at  liquid  He  temperature.  To  provide  the  high  magnetic 
field  needed  to  create  the  normal  spots,  two  ring  type  permanent 
magnets  made  of  Alnico  V are  inserted  at  the  top  and  bottom  of  the 
rotor.  Fig.  11  is  a photograph  of  the  rotors  with  various  number  of 
poles  together  with  the  ring  type  permanent  magnets.  A closed  magnetic 
return  path  is  provided  by  a mild  steel  sleeve  outside  the  Nb  foil 
cylinder.  The  gap  between  the  rotor  and  the  stator  is  20  mils.  Due 
to  the  magnetic  flux  loss  of  the  permanent  magnets  during  the  assembly 
process,  remagnetization  is  necessary  after  completing  the  flux  pimp 
assembly.  For  this  purpose,  two  magnetizing  coils  have  been  added  to 
the  actual  design.  By  applying  a peak  current  of  25  Aip  to  the  coils 
for  1 sec. , a magnetic  field  of  4.6  kG  is  established  in  the  gap. 

Fig-  12  shows  the  cross-sect ional  view  of  the  flux  pimp,  and  Fig. 13  is 
a photograph  of  the  completed  flux  pimp. 
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l-V-y^  Micarta  1 | Mild  Steel 

[SI  Magnetizing  Coil 

Fig.  12  Cross-Sectional  View  of  Flux  Pimp. 


Fig.  13  Photograph  of  Ocnpleted  Flux  Punp  Together 
with  Superconducting  Storage  Inductors. 


CHAPTER  IV 


EXPERIMENTS 

1.  Description  of  Experimental  Apparatus 
A.  Prototype  SKRAM  Generator  System 

A prototype  superconducting  SKRAM  generator  is  shown  in  Fig.  14. 
Three  storage  inductors  and  one  load  inductor  are  made  with  NbTi  super- 
conducting wire  wound  on  the  aluninum  coil  forms  of  1"  ID,  2"  CD,  and 
1 i"  length.  Each  layer  of  the  inductors  has  been  impregnated  in  the 
epoxy  to  provide  the  rigidity  of  the  winding  at  low  tanperature.  The 
inductance  of  each  storage  inductor  is  measured  to  be  18  rrH,  and  the 
load  inductance  is  5.6  mH. 

The  scheme  of  magnetic  switching  of  the  superconduct ing  Nb  strip 
to  normal  state  has  been  conceived  for  the  superconducting  switches. 

The  cross-sect ional  area  and  the  length  of  the  strip  are  to  be  designed 
to  meet  the  requirements  of  the  high  resistance  in  the  normal  state 
and  the  high  current  carrying  capacity  in  the  superconducting  state. 

For  the  design  current  of  20  Amp  and  the  normal  state  resistance  of 
0.1  ofm,  0.5  mil  thick  Nb  foil  is  cut  into  1/8"  wide  and  12"  long 
strips.  Each  strip  is  folded  several  times  to  fit  into  the  hole  of  the 
switching  coils.  Fig.  15  shows  the  close-up  view  of  the  supercon- 
ducting switches.  One  coil  contains  4 strips  and  the  other  coil 
contains  2 strips,  corresponding  to  the  circuit  diagram  of  Fig.  1 . 

The  magnetizing  current  in  the  switching  coils  is  controlled  by  the 

SPOT  relay  control  circuit  of  Fig.  16  . In  the  charging  period  of  the 
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generator , the  latch  output  is  maintained  LOW  to  energize  the  relay, 
and  the  magnetizing  current  flows  through  the  switching  coil  having  4 
strips  in  it.  For  the  discharge,  the  latch  is  set  to  HI®  to  release 
the  relay  and  the  current  is  transferred  to  the  other  switching  coil 
with  2 strips.  As  soon  as  the  magnetic  field  at  the  center  of  the  coil 
exceeds  the  critical  field  of  Nb,  the  Nb  strips  become  resistive  and 
the  energy  transfer  takes  place. 

B.  Instrunentation 

The  quantities  to  be  monitored  in  the  experiments  are  1)  the 
tenperature  inside  the  liquid  He  dewar,  2)  the  liquid  He  level,  3) 
the  magnetic  field  in  the  gap  between  the  rotor  and  the  stator  of  the 
flux  pump,  4)  the  enf  of  the  flux  pump  and  5)  the  currents  in  the 
storage  and  load  inductors. 

The  tenperature  is  monitored  with  a transistor  RCA  148  by 
measuring  the  forward  voltage  drop  across  the  emitter-base  junction 
for  IOvjA  forward  current,  which  has  been  calibrated  against  the 
tenperature  sensing  diode  DRC-7*.  It  is  found  that  the  voltage  drop 
of  the  transistor  has  a good  reproducibility  below  the  liquid  nitrogen 
temperature,  and  when  it  reaches  the  liquid  He  tenperature,  the  junction 
beccmes  a complete  open  circuit.  Several  types  of  switching  diodes 
and  carbon  resistors  have  been  tested,  but  any  of  these  does  not  have 
such  a good  reliability  as  the  transistor. 

*Made  by  Lake  Shore  Cryotronics,  Inc. 
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The  liquid  He  level  is  measured  with  a liquid  He  level  sensor  and 
Model  110  liquid  He  level  meter  made  by  the  American  Magnetics,  Inc. 

The  magnetic  field  in  the  gap  of  the  flux  pimp  and  the  currents 
in  the  inductors  are  measured  with  a transverse  and  an  axial  Hall 
probes  made  by  F.  W.  Bell,  Inc.  The  transverse  Hall  probe  has  been 
inserted  in  the  gap  during  the  asssnbly  process  of  the  flux  pimp.  The 
currents  in  the  storage  inductors  and  the  load  inductor  are  measured 
by  detecting  the  magnetic  field  at  the  center  of  the  inductors  with 
separate  axial  Hall  probes,  which  have  been  calibrated  with  known 
currents.  Fig.  17  is  a photograph  of  the  transverse  and  axial  Hall 
probes  together  with  a tenperature  sensing  transistor. 

C.  Experimental  Procedures 

Fig.  18  shows  the  schematic  view  of  the  apparatus  put  into  the 
liquid  He  dewar.  Before  the  cooling  process,  dry  gaseous  He  is  used 
to  purge  out  all  the  air  inside  the  dewar  to  prevent  the  air  from 
freezing  around  the  bearing  and  the  other  moving  parts.  The  latent 

3 

heat  of  the  liquid  He  is  as  snail  as  0.65  cal/an  , compared  to  38.6 
cal/an  for  the  liquid  nitrogen.  The  specific  heat  of  most  of  the 
metal  decreases  as  the  tenperature  is  lowered.  Therefore,  precooling 
of  the  system  down  to  the  liquid  nitrogen  temperature  precedes  the 
liquid  He  transfer  by  filling  the  outer  dewar  with  the  liquid  nitrogen 
and  allowing  heat  transfer  through  the  gaseous  nitrogen  layer  between 
the  inner  and  outer  dewars.  It  takes  about  4-5  hours  to  completely 
cool  down  to  77.3°K.  After  the  precooling,  the  nitrogen  gas  layer 
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begins  to  be  evacuated.  With  a liquid  nitrogen  cold  trap,  the 
diffusion  punp  can  pimp  out  the  nitrogen  gas  down  to  lOtorr  within 
2 hours.  Fig.  19  shows  the  photograph  of  the  dewar  with  the  motor 
installed  on  top  of  it.  The  rubber  stopper  on  the  side  neck  is  to 
release  the  heavy  pressure  arising  from  the  vaporizing  helium.  He  is 
transferred  via  vacuum- jacketed  flexible  transfer  line  made  of  stain- 
less steel.  The  transfer  rate  is  controlled  by  the  pressure  in  the 
liquid  He  container,  which  can  be  adjusted  with  the  external  pressur- 
izing gaseous  He.  About  3-4  lb  of  pressure  is  necessary  to  continue 
transferring.  Fig.  20  is  a photograph  of  the  liquid  He  transfer 
process. 

2.  Measurements 

First,  the  flux  pimp  was  tested  with  one  storage  inductor  to  see 

2 

its  performance  characteristics.  The  normal  spot  size  is  3.32  on 
and  the  magnetic  field  at  the  center  of  the  spot  is  4.6  kG.  Fig.  21 
shows  an  oscilloscope  display  of  the  magnetic  field  variation  in  the 
gap  (a)  at  roan  temperature  and  (b)  at  the  liquid  He  tenperature  as 
the  rotor  rotates.  Observations  have  been  made  for  different  rotation 
directions  and  it  has  been  confirmed  that  the  nonuniformity  of  the 
magnetic  field  is  not  due  to  the  geometry  of  the  pole  face  but  due  to 
the  eddy  currents  induced  around  the  moving  spot.  With  a rotation 
speed  of  120  rpm,  the  current  induced  in  the  storage  inductor  reached 
18  Anp  after  5 min.  operation,  and  it  showed  a linear  increase  up  to 
110  Amp,  the  critical  current  of  the  NWTi  superconducting  wire.  In 
fact,  the  current  increase  in  the  storage  inductor  is  a discontinuous 


Fig.  19  Photograph  of  the  Liquid  He  Densor, 
also  Showing  the  Motor  Mount  and  the 
Pressure  Release  Rubber  Stopper 
Arrangement . 


(b)  Ver.  2 mV/cm,  Hor.  10  ms/cm. 


Fig.  21  The  Magnetic  Field  Variation  in  the  Gap  while  the  Rotor 
Rotates,  (a)  At  Room  Tenperature  and  (b)  At  the  Liquid 
He  Temperature. 
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process,  as  is  evident  from  the  oscilloscope  picture  of  the  emf  of  the 

♦ 

flux  punp  in  Fig.  22.  it  is  seen  that  the  flux  pimping  occurs  once  in 
every  sec. , where  n is  the  nunber  of  poles  and  u>  is  the  rota- 

tion speed  in  rps.  The  emf  was  measured  by  AC  voltmeter  for  different 
rotation  speeds  as  in  Fig.  23.  It  shows  a deviation  from  the  linear 
increase  of  emf  at  high  speed  range,  owing  to  the  degradation  of  the 
moving  normal  spot  at  high  speed  operation. 

After  the  flux  punp  test,  the  entire  SKRAM  generator  system  was 
tested.  Table  1(a)  and  (b)  sunmarize  the  ^.urging  and  the  discharging 
test  results.  Due  to  the  small  current  carrying  capacity  of  the  Nb 
foil  superconducting  switches,  the  test  was  performed  in  the  current 
range  of  10-20  Anp.  The  first  three  colurms  in  (a)  shows  the  current 
rise  in  both  storage  and  load  inductors  while  the  flux  punp  was  running 
at  120  rpm,  and  the  last  two  columns  are  the  currents  approaching  the 
steady  state  after  the  flux  pump  stopped  punping.  It  is  seen  that  the 
resistance  of  the  Nb  foil  switches  was  not  high  enough  to  prevent  the 
transient  build  up  of  current  in  the  load  inductor.  In  Table  1(b), 
the  current  changes  in  the  load  inductor  due  to  the  switching  are 
shown  at  various  situation.  When  the  generator  was  discharged  just 
after  the  flux  punp  stepped,  the  current  anplification  obtained  was 
1.5.  When  the  discharge  was  done  after  the  system  reached  steady 
state,  it  approaches  1.8  which  is  very  close  to  the  theoretical  predic- 
tion of  2 . The  difference  of  currents  between  the  original  value 
and  the  value  after  the  generator  returned  to  the  charging 


Fig.  22  The  emf  of  the  Flux  Pimp  at  80  rprn. 
Ver.  ariV/an.  Hor.  50  msec/cm. 


Fig.  22  The  enf  vs.  Rotation  Speed,  Measured 
by  AC  Voltmeter. 


Flux  Pump  Running 

After  Charge  up 

5 min 

8 min 

10  min 

5 min 

1 

10  min 

E9 

6.59 

9.72 

12.22 

9.09 

7.84 

es 

5.03 

6.37 

7.70 

7.70 

6.70 

V1! 

1.31 

1.52 

1.59 

1.18 

1.17 

(a)  The  currents  in  the  load  and  storage  inductors 
during  the  charging  period,  where  I2  is  the 
load  current  and  1^  is  the  current  in  the 
storage  inductors. 


Just  After 
Charge  up 


3 min. after 
Charge  up 


10  min.  after 
Charge  up 


Before 
DischargeL 
(Amp)  p 


10.97 


10.34 


7.84 


lischargq 
(Amp) 


16.59 


17.54 


14.09 


Return  tq 
Original 

(Anp) 


8.47 


7.84 


7.22 


1.51 


1.73 


1.80 


(b)  The  current  anplification  in  the  load  inductor 
after  the  discharge. 


Table  1.  Experimental  Results  of  the  Charging  and  the 
Discharging  Test  of  the  SKRAM  Generator . 
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configuration  resulted  from  the  power  dissipation  on  the  switches. 
It  was  observed  that  for  a flux  pump  rotation  speed  of  300  rpm,  the 
current  rise  in  the  load  inductor  was  much  faster  than  that  in  the 
storage  inductor.  The  discharge  switching  time  was  observed  to  be 
around  10  msec. 


CHAPTER  V 


DISCUSS ICN  AND  CONCLUSIONS 

The  superconducting  SKRAM  generator  is  shown  to  be  a feasible 
scheme  to  generate  a high  current  out  of  the  magnetic  energy  stored 
in  many  inductors.  Compared  to  the  simple  inductive  energy  storage 
systen,  it  has  the  following  features. 

1)  The  maxiimn  efficiency  of  energy  transfer  is  33%. 

2)  The  current  to  be  handled  by  the  switches  is  less  than 
the  current  generated  in  the  load  inductor. 

3)  The  discharge  time  is  shorter  by  a factor  of  1/n,  where 
n is  the  number  of  the  storage  inductors. 

As  shown  in  the  transient  analysis  and  the  experimental  test 
results,  the  normal  state  resistance  of  the  superconducting  switches 
determines  the  transient  condition  of  the  system  not  only  in  the 
discharging  period  but  in  the  charging  period  When  the  time 
constant  is  too  large  compared  to  the  pumping  period  in  the  charging 
period,  a high  transient  current  builds  up  in  the  load  inductor,  and 
a good  part  of  the  energy  is  lost  through  the  power  dissipation  on 
the  switches.  In  the  discharging  period,  it  limits  the  fast  delivery 
of  energy  to  the  load  In  the  prototype  SKRAM  generator,  the  Nb 
strip  switches  could  not  be  made  to  have  a resistance  higher  than 
0.1  ohm  due  to  the  space  limitation.  Tb  increase  the  resistance  of 
the  switches  with  a designed  current  carrying  capacity,  the  length  of 
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the  strips  must  be  increased,  which  may  be  impractical  in  quenching 
the  superconductivity  with  a magnetic  field  in  the  solenoid.  The 


Nb  wire  would  be  better  than  the  strips  in  increasing  the  length 
and  also  in  removing  the  fringe  effect  as  present  in  the  strip 
switches.  However,  it  is  not  commercially  available  yet.  One 
suggestion  is  to  make  use  of  a thin  film  superconductor  deposited 
on  a coaxial  form,  tut  further  study  has  to  be  made  for  the  design 
parameters,  since  the  thin  film  superconductor  has  different 
characteristics  from  the  bulk  superconductor. 


The  flux  pimp  built  in  this  work  has  a good  performance 
characteristic  up  to  400  rpm  rotation.  To  further  improve  the 
efficiency  at  high  speed,  the  idea  of  substituting  a thin  film  of 
Nb  for  the  foil  has  been  suggested.  One  of  the  disadvantages  that 
the  present  design  of  the  flux  pump  has  is  the  high  cost  of  initial 
cooling  due  to  the  heavy  weight  of  the  mild  steel  sleeve  and  the 
other  accessories  used  for  the  magnetic  return  path.  If  the  electro- 
magnets are  substituted  for  the  permanent  magnets,  the  overall  weight 
is  expected  to  reduce  substantially. 

In  the  experimental  procedures,  precooling  of  the  system  down 
to  the  liquid  nitrogen  tenperature  turned  out  to  be  a very  important 
procedure  to  effectively  make  use  of  the  liquid  He  in  reaching  the 
superconducting  state.  The  pressure  in  the  vacuum  layer  between 
the  liquid  He  and  the  liquid  nitrogen  is  to  be  ensured  to  be  low 
enough  to  provide  a good  thermal  insulation. 


APPENDIX  I 


1.  Charging  Period 

Referring  back  to  Fig.  6(a),  the  following  set  of  simultaneous 
equations  is  obtained  in  the  frequency  domain  for  the  changing  circuit 
of  the  SKRAM  generator. 


(J  sL  + 2R)I1-  sLI2-  RI3-  RI5  = s 4> 
-sLIj+CsL  + R)I2  = 0 
-RIJ+  (sL  + R)I3-  sLI4  » 0 
-sLI3+(sL  + R)I4  = 0 
-RIj+  (sL  + R)I5  » 0 

where  L = . 


(1-1) 

(1-2) 

d-3) 

d^) 

d-5) 


From  Eqs.  (A-2)  - (A-5),  the  relations  between  the  loop  currents 
are  found  to  be  as 


I 


2 


I 


3 


1 

S 


s + 


s + 


1 

T 

r 

2t 


(1-6) 


d-7) 


d-8) 

d-9) 


where 


t ■ L/R  . 
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Substituting  Eqs.  (A -6)  - (A-9)  into  Eq.  (A-l)  , 1^  is  given  by 


s2+3 


T _ 3*  ~ T 57  S + 2^2 
1 L 2,  9 H* 
s + 7 s + “5 


(1-10) 


In  the  time  domain,  1^  is  transformed  into  ij(t)  as 


8.4 


0.6 


ii(t)  = fk  (1  + 8 9e  T +0-le  T ) 


(1-11) 


Applying  the  convolution  theorem  to  Eqs.  (A-6)  - (A-9)  , all  the  loop 
currents  can  be  obtained  in  the  time  domain  as  follows 

_ M t 0.6 

i2(t)  = TO  L (10e  T “ °-15e  T + 0.05e"t/T)  (1-12) 

_ ®ii  t 0.6 

i3(t)  = jol  (1+9. 46e  T - 0.65e  T 


+ 0.05e"t/T+  0.06e-t/2T) 

(1-13) 

i4(t)  = i2(t) 

8.4  t 0.6  t 

(1-14) 

Vl>-TOE 

(1-1. 2e  T + 0,25e  T 

- 0.05e~t/T 

d-15) 

Discharging  Period 

A similar  set  of  equations  is  obtained  for  the  discharging 


circuit  of  Fig.  6(b). 


3 BUj-  sli2  - | u. 


-sLI1+  (sL  + R)I2-  RI3  = -LI 


-RI9+  (sL  + R)I_-  sLI.  = LI, 


-sli3+  (sl  + r)i4-  ri5  = -ui 


-RI.+  (SL  + R)I,-  = LI, 


(1-16) 


(1-17) 


(1-18) 


(1-19) 


(1-20) 


where  Ii  is  the  persistent  current  around  the  circuit.  Solving  the 


above  equations  simultaneously,  it  is  found  that 


j = s + j 

n s(s  + 3/t ) i 


I = 4/t  t 

2 s(s  + 3/t)  i 


t - s + 4/t  t 
a3  ' s(s  + 3/t)  4 


T - 2 1 T 

A4  ~ t s(s  + '3'M  4 


I = s + ^/T  i 

a5  s(s  + 3/t)  i 


(1-21) 


(1-22) 


(1-23) 


(1-24) 


(1-25) 


APPENDIX  II 


A SCHEME  OF  HIGH  CURRENT  GENERATION  IN  SUPERCONDUCTING  MAGNETS 

This  is  a brief  note  cm  a new  scheme  of  achieving  a high  current 
generation  in  a superconducting  magnet  with  a modified  version  of  the 
SKRAM  generator.  It  is  shown  in  Chapter  II  that  the  SKRAM  generator 
can  obtain  a maximun  current  anplification  of  1 + L^/L*,  when  a 
large  number  of  inductors  are  employed.  By  modifying  the  circuit  and 
charging  the  system  repetitively,  it  is  shown  belcw  that  the  current 
anplification  equal  to  the  number  of  inductors  can  be  attained. 

Che  more  switch  is  added  in  shunt  with  the  load  inductor  as 
shown  in  Fig.  II— 1 . The  method  of  operation  is  the  same  as  that  in 
the  SKRAM  generator  except  that  the  procedures  repeat  and  the  load 
inductor  is  not  included  in  the  charging  path. 

1)  Close  the  switches  S's  and  open  the  switches  S^'s. 

2)  The  series  of  inductors  are  charged  by  the  flux  pimp, 
and  a persistent  current  1^  is  made  to  circulate 
around  the  circuit. 

3)  The  switches  S-^'s  are  now  closed,  and  then  S's  are 
open. 

Then  the  current  induced  in  the  load  inductor  is  given  by  the 
oondition  of  flux  conservation  in  the  loop  l ’ as 

Vn)Ifl  = Vi  (II~1> 
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Now,  repeat  the  process  1)  to  3)  and  after  the  jth  iteration, 
the  relation  between  the  load  currents  at  jth  and  (j-l)th  iteration 


is  found  to  be  as 


<V  - W Vj-1 

From  the  Eqs.  (II-l)  and  (II-2),  1^  is  obtained  as 
I - r } I 

« l4l(n+r)ki  ' 

where  r = 1^/1^  . For  j -*■  ~ , 

!f  = nl. 


(H-2) 


( I I— 3 ) 


(H-4) 


Therefore,  the  final  current  increases  n times  greater  than  the 
circulating  current  I1  in  the  storage  inductor.  The  rate  of 
convergence  to  the  final  current  1^  is  determined  by  the  ratio 
n/(n+  r)  , which  is  always  greater  than  1 . For  r > n , 
n/(n  + r)  < $ and  converges  to  the  final  value  If  very  fast 


REFERENCES 


1.  Boon,  R.  W. , McIntosh,  G.  E. , Peterson,  H.  A.,  and  Young,  W.  C. , 
"Superconducting  Energy  Storage",  Advances  in  Cryogenic  Engi- 
neering, Vol.  19,  pp.  117,  1974. 

2.  Chare,  E.  C. , Cowan,  M. , Tucker,  W.  K. , Leihser,  W.  B. , and 
Wesenberg,  D.  L. , "Terawatt  Pulse  Power  Systens  Utilizing 
Inductive  Storage",  Proceedings  of  IEEE  International  Pulsed 
Power  Conference , Lubbock,  Texas,  Nov.  1976. 

3.  Konarek,  P. , "Superconducting  Magnets  in  the  World  of  Energy. 
Especially  in  Fusion",  Cryogenics,  Vol.  16,  No.  3,  pp.  139,  1976. 

4.  Early,  H.  C.  and  Walker,  R.  C. , "Economics  of  Multimillion-Joule 
Inductive  Energy  Storage",  Trans,  of  the  Amer.  Inst,  of  Elec- 
trical Engineers,  Vol.  76,  Part  I,  pp.  320,  1957. 

5.  Carruthers,  R. , "The  Storage  and  Transfer  of  Energy",  High 
Magnetic  Fields,  ed.  by  Kolm,  The  MIT  Press,  pp.  307,  1962. 

6.  Konarek,  P.  and  Ulbricht,  A.,  Proceedings  of  International 
Conference  on  Magnet  Technology,  Rome,  pp.  313,  1975. 

7.  Laquer,  H.  L. , "Superconducting  Magnetic  Energy  Storage", 
Cryogenics,  Vol.  15,  No.  2,  pp.  73,  1975. 

8.  Session  IA  and  IB  of  the  Proceedings  of  IEEE  International  Pulsed 
Power  Conference,  Lubbock,  Texas,  Nov.  1976. 

9.  McFee,  R. , "Optinun  Input  Leads  for  Cryogenic  Apparatus" , Rev. 
Sci.  Instr. , Vol.  30,  No.  2.  pp.  98,  1959. 

10.  Williams,  J.  E.  C. , "Counterflow  Current  Leads  for  Cryogenic 
Applications",  Cryogenics,  Vol.  3,  No.  12,  pp.  234,  1963. 

11.  Van  Beelen,  H. , et  al. , "Flux  Punps  and  Superconducting  Solenoids 
Physica,  Vol.  31,  pp.  413,  1965. 

12.  Hildebrandt,  A.  F. , Elleroan,  D.  G. , Whitmore,  F.  C.  and  Simkons, 
R. , "Sane  Experimental  Consequences  of  Flux  Conservation  within 
Multiply-Connected  Sunerrmnductors" , J • Appl • Phys. , Vol.  33, 

No.  7,  pp.  2375,  1962. 

13.  Olsen,  J.  L. , "Superconducting  Rectifier  and  Amplifier",  Rev.  Sci 
Instr.,  Vol.  29.  No.  6,  pp.  537,  1958. 


52 


r 


14.  Buchhold,  T.  A.,  "Superconductive  Power  Supply  and  Its  Applica- 
tion for  Electrical  Flux  Pinping",  Cryogenics,  Vol.  5,  No.  8, 
pp.  212,  1964. 

15.  Laquer , H.  L. , "An  Electrical  Flux  Punp  for  Powering  Super- 
conducting Magnet  Coils",  Cryogenics,  Vol.  4,  No.  3,  pp.  27, 
1963. 

16.  Marchand,  J.  F.  and  Volger,  J. , "Radiation-Induced  Transport  of 
Magnetic  Flux  along  a Superconducting  Sheet",  Phys.  Letters, 
Vol.  2,  pp.  118,  1962. 

17.  Van  Beelen,  et  al. , ' 'Experience  with  Superconducting  Coils  Fed 
by  Flux  Purps",  Proc.  of  the  Conf.  on  the  Physics  of  Type  II 
Superconduct ivity , Vol.  2,  pp,  IV-53,  Cleveland,  Ohio,  1965. 

18.  Wipf,  S.  L. , "A  Superconducting  Direct-Current  Generator", 
Advances  in  Cryogenic  Engineering,  Vol.  9,  pp.  342,  1964. 


19.  Volger,  J. , "The  Generation  of  Heavy  Currents  in  Sperconducting 
Circuits",  Advances  in  Cryogenic  Engineering,  Vol.  10,  pp.  98, 
1965. 

20.  Van  Beelen,  H. , et  al. , "A  25000  Gauss,  175  Anperes  Nb-25%  Zr 
Wire  Magnet  Fed  by  a Flux  Punp",  Physics  Letters,  Vol.  7,  No.  3, 
pp.  175,  1963. 

21.  Lubell,  M.  S.  and  Wipf,  S.  L. , "A  Cable-Wire  Magnet  Powered  by 
a Flux  Punp",  Advances  in  Cryogenic  Engineering,  Vol.  13,  pp. 

150,  1967. 

22.  Newhouse,  V.  L. , "On  Minimizing  Flux  Punp  Heat  Dissipation",  IEEE 
Trans.  Magnetics,  Vol.  MAG-4,  No.  3,  pp.  482,  1968. 

23.  Wipf,  S.  L. , "Flux  Purps  as  Pcwer  Supplies  for  Superconducting 
Coils",  Proc.  of  the  International  Symposium  on  Magnet  Technol- 
ogy, Stanford,  pp.  615,  1965. 

24.  Van  Houwel ingen,  D.  and  Volger,  J. , '"Hie  Superconducting-Dynamo 
Properties  and  Applications",  Philips  Res.  Reports,  Vol.  23, 
pp.  249,  1968. 

25.  Voigt,  H. , "Eine  Untersuchung  der  Vorgange  in  Supraleitenden 
nusspunpen",  Z.  Natur. , Vol.  2ia,  pp.  510,  1966. 

26.  Van  Beelen,  H. , et  al. , "Remarks  cm  a Moving_F lux  Experiment  in 
Superconducting  Sheets",  Physica  Vol.  36,  pp.  107,  1967. 


53 


27. 


28. 


29. 


30. 


Wipf , S.  L. , "The  Case  for  Flux  Pimps  and  Seme  of  llieir  Problems". 
Proc.  1968  Simmer  Study  on  Superconducting  Devices,  BNL50155 
(C-55)  pp.  632. 

Van  Suchtelen,  J.,  Volger,  J.  and  Van  Houwel ingen , D. , "The 
Principle  and  Performance  of  a Superconducting  Dynamo" 

Cryogenics,  Vol.  5,  No.  10.  pp.  256,  1965. 

Wipf , S.  L. , "A  50  kA  Flux  Pimp  for  the  Superconduct ing  Trans- 
mission Line  Testbed",  Los  Alamos  Int.  Report,  1974. 

Mawardi,  0.  K.  and  Chung,  H.  K. , "Pulsed  Superconduct ing 
Inductive  Storage  Systems",  Proc.  of  IEEE  International  Pulsed 
Power  Conference,  Lubbock,  Texas,  Nov.  1976. 


/ 


PART  IV 


A SUPERCONDUCTING  PULSE  GENERATOR 
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CHAPTER  I 

INTRODUCTION 

1.  Problem  statement 

Superconducting  inductive  storage  has  been  receiving  much  atten- 
tion recently  as  developments  have  made  it  more  economically  attrac- 
(1-4) 

tive.  One  of  the  major  goals  of  this  work  is  construction  of 

various  energy  storage  systems (5)  such  as  load  leveling  in  power 
(6) 

systems  or  pulsed  power  supplies  for  devices  requiring  either  a 
pulsed  magnetic  field  as  does  the  0-pinch  fusion  work  ^ or  an  energy 
pulse  as  does  a pulsed  laser  system.  It  is  to  realize  a pulsed  power 
supply  utilizing  both  superconducting  inductors  and  capacitors  that 
this  project  is  directed. 

Several  difficulties  are  encountered  when  an  inductive  storage 
system  is  used  for  pulsed  power  applications. {8'9*  two  of  the  major 
problems  are  the  efficient  transfer  of  energy  or  current  into  parti- 
ally reactive  loads  and  the  difficulty  in  construction  of  fast  acting 
superconducting  switches. To  overcane  these  problems  a proposal 
was  made  to  use  a lumped  transmission  line  scheme  involving  one  switch 
to  generate  a pulse  with  near  ideal  efficiency. (11) 

A diagram  of  a six  section  pulse  generator  of  the  transmission 
line  type  is  shown  in  Figure  1.  The  major  disadvantage  of  this 
system  is  that  the  energy  storage  rating  of  the  capacitors  must  equal 
that  of  the  inductors,  thus  the  utilization  of  storage  capacity  is 

1 


2 


sacrificed  for  the  gain  in  energy  efficiency  over  a simple  inductor 
schestt  for  mm  loads.  This  transmission  line  scheme  offers  more 
control  over  the  duration  and  voltage  of  the  pulse  than  does  the 
simple  inductor.  The  advantages  of  this  system  increase  in  those 
cases  where  the  load  is  not  purely  resistive,  the  energy  transfer 
efficiency  to  a partially  reactive  load  and  the  peak  current  for 
a purely  reactive  load  are  higher. 

The  transmission  line  model  pulse  generator  retains  the  siapli - 
city  of  design  of  the  single  inductor  storage  scheme.  It  has  all 
passive  conponents  and  retains  the  single  switch  operation,  but 
generates  a square  rather  than  exponentially  declining  pulse.  With 
modifications  of  the  equal  values  of  the  inductors  and  the  capaci- 
tors along  the  line  or  modification  of  the  output  stage*  the  pulse 
shape  can  be  varied. 

2.  Selection  of  System  Design 

The  transmission  line  model  was  decided  upon  after  room  tempera- 
ture test  of  high  impedance  lines  showed  that  the  pulse  generated 
was  square  and  the  energy  transfer  efficiency  was  near  ideal.  Improve- 
ments on  the  line  design  through  tapering  into  time  limited  filter 
form  was  considered  but  because  a larger  percentage  of  the  energy 
storage  capacity  is  not  utilized  it  was  deemed  a less  desirable 
choice  for  power  applications. 

Both  of  these  approaches,  transmission  line  model  and  time 
limited  filter  model,  offer  a combination  of  versatility  and  simpli- 
city. Versatility  in  that  the  pulse  generated  can  be  of  any  desired 
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voltage,  current  and  time  length,  within  the  physical  constraints  of 
construction.  Simplicity  in  that  all  the  elements  are  passive  com- 
ponents and  the  pulse  is  generated  with  the  operation  of  one  switch. 
With  the  versatility  in  voltage  output  of  this  system  and  recent  work 
being  done  with  high  voltages  inside  cryostats, ^ 2 ^ this  system 
should  be  capable  of  producing  the  voltage  output  of  any  pulsed  power 
supply. 

Work  has  been  done  over  the  past  fifteen  years  with  discrete 
flux  pumps  as  demonstrated  by  Laquer, (13)  which  are  devices  that 
transfer  magnetic  flux  from  a source  external  to  the  cryostat  into 
a superconducting  storage  system.  As  the  flux  pump  offers  large 
current  amplification,  reduction  in  the  size  of  the  leads  into  the 
cryogenic  system  and  reduces  the  power  supply  requirements  for  super- 
conducting magnet  or  storage  systems,  the  pulsed  power  supply  was 
charged  using  a discrete  flux  pump.  To  reduce  the  size  of  the  flux 
pump  versus  its  power  rating  from  the  external  source  to  the  super- 
conducting storage  system,  a model  with  a higher  cycling  rate  than 
previous  versions,  which  are  typically  one  hertz  or  much  less,  was 
built.  The  goal  of  the  design  was  to  demonstrate  operation  of  the 
flux  pump  at  cycling  frequencies  comparable  to  typical  alternating 
current  power  sources.  This  would  reduce  power  supply  requirements 
as  the  flux  pump  could  then  act  as  the  interface  between  the  direct 
current  superconducting  storage  or  magnet  system  and  the  external 
alternating  current  power  source. 


CHAPTER  XI 

PULSE  GENERATOR 

1.  Theory  of  Operation 

The  pulse  generator  design  was  based  on  classical  transmission 
line  theory (14>  using  lumped  parameter  components.  For  simplicity 
the  "T"  model  was  used  with  si*  inductors  as  shown  in  Figure  2. 

Except  for  the  output  stage,  the  system  should  pass  any  signal 
presented  to  it  as  a transmission  line  with  a speed  determined  by 
the  values  of  the  inductors  and  capacitors.  The  speed  of  propaga- 
tion of  a point  on  a wave  along  the  line  is  seconds  per  section 

where  L and  C are  the  values  of  the  inductors  and  capacitors  respec- 
tively. 

A pulse  is  generated  by  realizing  the  initial  condition  in  Figure 
2 given  by 

A}  Ix  - I2  - I3  - X4  - X5  - X6  - *0  initial  current  (1) 

B)  V.  ■ V ■ V ■ V ■ V - 0 volts  (2) 

1 2 3 4 5 

These  initial  conditions  represent  in  an  ideal  transmission  line  a 
square  wave  which  upon  propagating  first  from  right  to  left  has  been 
reflected  at  the  short.  At  the  time  the  incident  and  reflected 
sections  of  the  wave  exactly  cancel  each  other's  voltage,  the  pulse 
generators  initial  conditions  are  met.  Starting  from  the  initial 
conditions,  the  leading  edge  of  the  square  propagates  into  the  load 
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Figure  2.  Transmission  Line  Model  Pulse 
Generator  Schematic. 
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while  the  trailing  edge  proceeds  right  to  left,  is  reflected  by  the 

short  and  then  into  the  load.  Thus  the  load  is  presented  with  a pulse 

of  voltage  (V  ) given  by 
L 

VL  " 1/2  Vo  <3> 

where  X is  the  initial  current  in  the  inductors  and  Z is  the 
u 0 

characteristic  impedance  of  the  line  given  by 

z0  “ &C  . (4) 

The  factor  of  1/2  in  Eq.  (3)  cooes  from  the  initial  current  being 
composed  of  two  parts  of  a wave  traveling  in  opposite  directions.  As 
the  pulse  at  the  load  begins  at  the  initial  time  and  continues  until 
the  trailing  edge  reaches  the  load,  the  pulse  lasts  for  r seconds 
given  by 

t ■ 2n  seconds.  (5) 

The  equation  for  t is  composed  of  n - the  nunber  of  sections  in  the 
line,  * the  number  of  seconds  for  a point  on  a wave  to  propagate 

through  one  section  and  the  factor  2 comes  from  the  trailing  edge  of 
the  pulse  traversing  each  section  of  the  line  twice  before  reaching 
the  load. 

2.  Realisation  of  the  Pulse  Generator 

To  realise  the  initial  conditions  necessary  for  the  pulse  gene- 
rator, a switch  is  added  in  parallel  with  the  load.  As 
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Figure  3 this  switch  when  closed  allows  a constant  current  to  flow 
through  all  the  inductors  with  no  voltage  on  the  capacitors.  The  pulse 
is  generated  by  opening  the  switch  whereupon  the  system  is  as  des- 
cribed in  section  2.1  at  the  initial  time. 

The  current  source  in  series  with  the  switch  in  Figure  3 was 
used  in  the  initial  demonstration  of  the  principles  of  the  pulse 
generator.  A room  temperature  test  using  components  as  shown  in 
Fig.  3 and  a mercury  switch  was  performed  to  obtain  the  output  shown 

in  Figure  4.  The  high  characteristic  impudence  of  the  line, 

4 

Z - 3x10  ft  , was  to  overcome  the  internal  resistance  of  the  indue- 
o 

tors,  90ft.  The  square  block  in  Fig.  4 indicates  the  ideal  pulse 
from  the  generator.  Results  of  the  room  temper ature  test  showed 
that  within  the  ideal  pulse  time  period  of  290  veeconds,  approxi- 
mately 85%  of  the  energy,  was  delivered  to  the  load.  Of  the  re- 
maining energy  ten  percent  was  delivered  to  the  load  in  the  tail  of 
the  pulse  and  the  rest  was  resistive  losses  inside  the  inductors. 

The  capacitor  in  parallel  with  the  switch  in  Fig.  3 prevents 
a 100%  overshoot  in  voltage  at  the  initiation  of  the  pulse.  If  the 
load  in  Fig.  3 is  purely  resistive,  the  output  inductor  would  ini- 
tially generate  twice  the  pulse  voltage  Vq  decaying  to  Vq  within 
a time  constant  of  one  section  of  the  line  as  shown  in  Fig.  4.  If 
the  load  of  the  pulse  generator  is  purely  resistive  a simple  solu- 
tion to  increasing  the  match  of  line  to  load  is  to  add  the  capacitor 

C . The  capacitor  increases  the  amount  of  energy  contained  in  the 
L 

tail  of  the  pulse  generated.  The  optimum  value  of  capacitance  for 


t 

L 


Figure  3.  Schematic  of  Room  Temperature  Pulse  Generator 
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Figure  4. 


Output  Pulse  of  the  Room  Temperature  Pulse 


Generator. 
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C to  minimize  both  tail  and  overshoot  is  one  half  the  value  of  the 
L 

line  capacitors.  In  cases  where  the  load  is  not  purely  resistive 
the  output  stage  must  be  designed  to  optimize  the  pulse  shape  for 
the  desired  application. 

3.  Comparison  of  Single  Inductor  Storage  to  Pulse  Generator 

For  three  specific  pulsed  load  requirements  a comparison  between 
the  single  inductor  storage  and  the  lumped  transmission  line  sodel 
can  be  made.  The  first  load  requirement  is  that  of  efficient  energy 
delivery  to  a partially  inductive  load.  For  the  single  inductor 
scheme  shown  in  Figure  5 the  energy  delivered  to  the  resistive  part 
of  the  load  is  given  by 

h ’ 1/2  Vo1  1 “> 

where  the  initial  stored  energy  in  is  given  by 

E - 1/2  L.I2  • (7) 

S 1 o 

A plot  of  the  energy  transfer  efficiency  of  this  system  is 
shown  in  Figure  6 graph  I for  various  ratios  of  load  inductor  L2 
to  storage  inductor  1,^.  Also  shown  in  Fig.  6 graph  XZ  is  the 
efficiency  of  a six  section  transmission  line  model  pulse  generator. 
This  graph  is  ideal  in  that  it  assumes  the  only  loss  of  energy  is 
that  of  the  output  stage  inductor  charging  the  load  inductor  and  a 
square  pulse  is  produced  by  the  remaining  sections  of  the  line. 

The  pulse  generator  will  also  reach  a higher  peak  current 
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Into  « partially  inductive  load  aa  can  ba  shown  by  the  second  load 
requirement  considered,  a purely  inductive  load.  For  the  single  in- 
ductor storage  scheme  the  current  in  the  load  L^,  with  the  initial 

current  I in  the  storage  inductor  L, , will  be 
O 1 


0 VL2 


(8) 


For  equal  values  of  and  only  25%  of  the  stored  energy  is  deli- 
vered to  the  load.  Kith  the  pulse  generator  there  will  be  a compar- 
able inefficiency  for  the  output  inductor,  but  the  wave  action  will 
allow  a peak  current  in  the  load  equal  to  the  pulse  current.  Also 
after  the  initial  voltage  generated  by  the  rising  current  in  the 
load,  the  load  will  act  as  a short  reflecting  the  remaining  part  of 
the  pulse  back  into  the  storage  line.  If  the  output  switch  is  closed 
at  an  appropriate  time,  all  the  energy  not  lost  from  the  output  stage 
inductor  or  stored  in  the  load  could  be  recaptured  in  the  super- 
conducting loop. 

The  third  load  requirement  to  be  considered  is  that  of  a square 
power  pulse.  Shown  in  Figure  7 is  the  exponential  decay  curve  of 
either  current  in  a single  inductor  or  voltage  in  a capacitor  being 
discharged  into  a resistive  load.  The  optimum  fit  of  a square  pulse 
for  energy  efficiency  is  shown  in  the  figure  being  derived  from  the 
equation 

& <v't/,)2,<t  ■ 0 <»> 

where  R is  the  load  resistance  and  t the  time  constant  of  the  system. 
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7.  Comparison  of  Single  Inductor  or  Capacitor  versus 
Transmission  Line  Scheme  Pulse  Generator  for 


Square  Pulse  Load  Requirements. 
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The  square  pulse  of  .5t  seconds  contains  only  26%  of  the  energy 
stored  in  the  single  Inductor  or  capacitor  schenes.  The  transmission 
line  model  pulse  generator  because  it  generates  a square  pulse  uses 
100%  of  its  stored  energy  to  meet  the  load  requirement  while  adding 
only  50%  unused  storage  capacity.  For  repetitive  pulse  generation 
with  this  load  requirement,  the  pulse  generator  requires  one  half 
the  total  storage  capacity  and  one  quarter  the  energy  of  a single 
inductor  or  capacitor. 

4.  Design  Criterion 

From  the  basic  design  described,  a specific  application  requires 
the  following  information: 

a)  Impedance  of  the  load  - Z , 

o 

b)  Voltage  to  the  load  - V , 

o 

c)  Duration  of  the  pulse  ~ r . 

To  meet  these  three  basic  criterion  there  are  four  variables 

1)  Inductance  per  section  - L , 

o 

2)  Capacitance  per  section  - C * 

o 

3)  Initial  current  - I , 

o 

4)  Number  of  sections  - n. 

The  relationships  that  must  be  met  by  the  design  are 


z - 

o 

"'L/C  , 

o o 

(10) 

V 

o 

1/2  lc>  Zo  ' 

o o 

(11) 

T ■ 

2n  /LC  . 
o o 

(12) 

r 
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With  four  variables  and  three  constraints  theoretically  for  any  given 
circumstance  an  Infinite  number  of  solutions  exist.  There  are  prac- 
tical restraints  on  each  of  the  four  variables.  The  current  in  the 
largest  applications  cannot  generate  fields  over  20  Tesla  and  the 
inductors  and  capacitors  must  be  of  realizable  sizes  and  numbers. 

There  are  restrictions  on  combinations  of  variables  such  as  the  vol- 
tage in  Eq.  (11)  cannot  exceed  several  hundred  kilovolts.  The  num- 
ber of  sections  will  normally  be  small  though  of  a sufficient  number 
for  efficient  generation,  that  is  at  least  five.  A line  with  a 
larger  n and  several  switches  along  the  line  could  be  used  to  generate 
pulses  of  different  lengths  by  using  only  part  of  the  line. 

As  much  work  has  been  and  is  presently  being  done  with  super- 
conducting inductors!^  no  discussion  of  them  will  be  made  in  this 
report.  The  capacitors  used  in  the  experiment  were  chosen  after 
liquid  nitrogen  (73°K)  tests  on  several  small  capacitance  types. 

It  was  assumed  that  all  oil  filled  or  other  capacitors  containing 
liquids  would  not  work  at  the  low  temperatures.  Tests  with  tanta- 
lum electrolytic  type  capacitors  showed  a dielectric  break  frequency 
of  one  kilohertz  at  73°K.  The  tests  on  disc  plate,  polystyrene 
and  mylar  capacitors  were  successful  with  only  slight  changes  in 
capacitance  due  to  material  contractions.  Of  these  types,  mylar 
was  chosen  because  it  has  the  largest  capacitance  to  size  ratio. 

The  mylar  capacitors  used  were  standard  manufacture  items  and 
demonstrated  a 4%  reduction  in  capacitance  at  4.2*K,  liquid  helium 
temperature . 


M I 
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The  remaining  component  of  the  pulse  generator  is  the  switch. 
Work  is  being  done  to  advance  superconducting  switch  technology,  but 
it  is  the  difficulty  and  expense  of  constructing  fast  acting  switches 
that  prompted  this  design  for  a pulse  generator  that  uses  only  one 
switch.  Two  means  of  switching  a superconductor  to  the  normal  state 
are  exceeding  the  critical  magnetic  field  or  raising  the  temperature 
of  the  material. 

Magnetic  switches  have  the  advantage  of  high  speed  being  limited 

only  by  electrical  time  constants  in  generating  the  critical  field; 

however,  construction  of  a switch  with  a low  critical  field,  below 

2 Tesla;  sufficient  critical  current,  above  Iq;  and  high  normal 

state  impedance,  greater  than  ten  times  the  Z of  the  line  can  be 

o 

difficult.  This  is  because  those  materials  which  have  a low  criti- 
cal field,  especially  type  I superconductors,  have  high  electrical 

0 

conductivities  in  the  normal  state  such  as  Niobium  at  2x10  U/m  and 
because  of  their  low  critical  current  densities  more  bulk  is  needed 
to  carry  a given  current.  As  type  I superconductors  carry  all  their 
current  in  a surface  layer,  their  use  in  high  impedance  switches 
may  be  possible  with  switches  made  of  thin  films.  The  limit  on 
thin  film  type  I switches  would  be  the  increasing  critical  field 
as  the  films  are  made  thinner  raising  the  critical  field  above 
those  easily  generated. 

Magnetic  switching  of  high  normal  state  resistance  type  II 
superconductors  also  requires  generation  of  high  fields  such  as 


Niobium-Titanium  critical  field  greater  than  10  Tesla.  The  thermal 
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switching  of  a superconductor  offers  ease  in  operating  high  impedance 
and  current  switches,  but  the  thermal  time  constants  slow  switching 
to  the  millisecond  range.  Placed  in  contact  with  or  near  the  super- 
conductor is  a normal  metal  conductor  through  which  a current  is 
passed  generating  heat  and  causing  the  superconductor  to  exceed  its 
critical  temperature.  Design  considerations  for  the  pulse 

generator  output  switch  are  -1)  causing  the  entire  switch  to  change 
to  the  normal  state  within  a time  period  small  compared  to  the  pulse 
length;  2)  thermal  time  constants  in  returning  to  the  superconducting 
state  restrict  repetition  rate  of  generating  pulses;  3)  heat  gene- 
rated by  the  switch  can  cause  a significant  loss  of  helium,  latent 
heat  of  vaporization  2.6  Joules  per  milliliter,  or  a burden  on  the 
refrigeration  system. 

A magnetic  switch  was  the  first  choice  for  this  project,  the 
switch  was  to  use  an  etched  thin  film,  1 ymeter,  of  Niobium. 

-9 

Niobium  was  chosen  for  its  high  normal  state  resistivity,  5x10  fl-m; 
high  critical  field,  .2  Tesla,  for  type  I superconductor;  and  the 
information  readily  available  about  its  thin  film  characteristics. 

A film  with  sufficient  uniformity  and  size  for  the  required  etching 
into  a zigzag  pattern  100  ymeters  wide  and  10  meters  long  was  not 
obtained.  Therefore  as  a second  choice  a thermal  switch  employing 
Niobium-Titanium  alloy  wire  in  a Cupro-Nickel  matrix  was  con- 
structed. 

5.  Generator  Built  and  Performance 


For  a demonstration  model  of  the  pulse  generator  system  an 


AD-A062  076 


UNCLASSIFIED 


CASE  WESTERN  RESERVE  UNIV  CLEVELAND  OH  PLASMA  RESEAR— ETC  F/6  10/3 
THEORETICAL  ANO  EXPERIMENTAL  STUDY  OF  SUPERCONDUCTING  INDUCTIVE— ETC (U) 
OCT  78  0 K MAWARDI*  D HAZONY.  H K CHUNG  AF0SR-76-2886 

AFOSR-TR-78-1500  NL 


18 


impedance  of  330  was  chosen  for  convenient  voltage  levels  at  low 
currents  and  to  allow  inductors  in  the  millihenery  range  with  the 
capacitors  used.  A pulse  duration  of  2 milliseconds  was  chosen  for 
ease  of  instrumentation  and  for  a reasonable  number  of  sections  in 
the  line,  that  is  six. 

The  inductors  were  constructed  of  .2  millimeter  Niobium  - 
Titanium  wire  to  yield  5 millihenries.  The  six  inductors  were 
mounted  on  two  levels  with  Mu-Metal  magnetic  shielding  between  the 
layers  and  the  three  inductors  on  each  level  orthogonal  to  one  an- 
other to  minimize  magnetic  coupling.  The  capacitors  were  of  mylar 
dielectric  type  with  a nominal  capacitance  of  5 pfarads.  The  metal 
of  the  capacitors  used  was  not  superconducting  which  in  a low  im- 
pedance line,  below  10,  may  be  needed. 

The  output  switch  was  constructed  on  an  aluminum  former 
identical  to  those  of  the  inductors.  Nichrome  wire  was  wound  on 
the  former  with  an  epoxy  coating  to  form  a 100  heating  element. 

Over  the  nichrome, .07  millimeter  Niobium-Titanium  wire  in  a Cupro- 
Nickel  matrix  was  wound  to  form  a switch  with  a normal  state  resis- 
tance of  6000.  A picture  of  the  assembled  pulse  generator  system 
is  shown  in  Figure  8 and  a schematic  in  Figure  9. 

The  pulse  generator  was  operated  in  the  superconducting  state 
under  a variety  of  loads  both  with  and  without  capacitance  in  paral- 
lel with  the  load.  A diagram  of  an  output  pulse  into  a partially 
inductive  load  is  shown  in  Figure  10.  The  nonsquare  shape  of  the 
pulse  is  caused  by  the  initial  low  resistance  of  the  thermal  switch 
and  relatively  slow  rise  in  its  impedance  of  1050  per  second.  This 
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Figure  9.  Schematic  of  the  Superconducting  Pulse 
Generator. 
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results  from  the  separate  layers  of  heater  and  superconducting  wire 
in  the  thermal  switch  which  was  necessitated  by  the  fragility  of 
the  superconductor's  insulation  causing  shorts  in  the  switch  during 
construction.  An  uniform  interweaving  of  the  two  types  of  wire  with 
the  superconductor  forming  a bi filar  was  the  preferred  design  but 
could  not  be  constructed  with  the  materials  and  techniques  available. 

With  the  nonsquare  pulses  produced  in  the  experiment,  direct 
detailed  comparison  of  the  generator's  performance  into  the  various 
loads  was  not  possible.  Indirect  comparison  of  the  results  can  be 
made  of  the  pulses  produced  as  shown  in  Figure  10.  The  pulse  can 
be  analyzed  by  dividing  it  into  three  sections  as  shown  in  the 
diagram.  The  rising  edge  is  due  to  the  slow  rise  in  the  resistance 
of  the  output  switch  into  which  approximately  30%  of  the  pulse's 
energy  is  lost  and  the  line  current  is  reduced  during  this  period 
also  by  30%.  The  second  section,  which  is  approximately  2 milli- 
seconds in  length,  is  a reflected  wave  generated  by  the  changing 
resistance  in  the  first  period  producing  a straight  line  in  the 
second  section.  The  final  section  is  the  exponential  tail  similar 
to  that  produced  in  the  room  temperature  tests.  This  section  re- 
sults from  a combination  of  load  and  output  stage  mismatch  and  the 
nonideal  performance  of  a truncated  transmission  line  model. 

The  pulse  shown  in  Figure  10  had  an  efficiency  of  greater 
than  60%,  if  the  energy  delivered  to  the  output  switch  is  included 
the  efficiency  rises  to  over  90%  though  the  exact  figure  is  unknown. 
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To  cohere  the  pulse  produced  with  various  loads  a wave  factor  was 


I 


defined  as  the  ratio  of  the  voltage  across  the  preceeding  Inductor 
to  that  of  the  output  inductor , given  by  the  equation 


W.F.  - 


with  the  voltages  shown  in  Figure  2 just  after  the  peak  of  the  pulse. 
At  that  point  in  the  pulse,  the  current  should  be  declining  uniformly 
as  the  magnitude  of  the  reflected  wave  is  falling.  A poor  match  in 
the  load  to  the  line  is  evidenced  by  a low  wave  factor  as  demon- 
strated in  Figure  11  in  which  the  resistive  load  is  varied  from  50% 
to  200%  of  the  nominal  impedance  of  the  line,  330.  Note  that  the 
best  line  match  was  found  to  be  a 400  load  when  data  from  the  peak  of 
the  pulse  was  used  because  the  resistance  of  the  output  switch  was 
still  low  enough  to  effect  the  output  stage,  that  is  3000  in  the 
switch. 

In  Figure  12  two  graphs  are  shown,  the  first  being  the  wave 

factors  for  400  load  with  capacitances  up  to  2.6  times  the  value 

of  the  line  capacitance  of  5 yfarads  in  parallel  with  the  400. 

The  graph  II  shows  the  effect  of  adding  in  series  with  the  400  load 

a .7  millihenry  inductance  which  is  .14  of  the  line  inductance  L . 

o 

These  two  graphs  show  by  a smaller  wave  factor  as  the  capacitance 
in  the  load  is  increased  that  in  the  later  part  of  the  pulse  the 
wave  action  is  reduced  by  the  addition  of  capacitance  to  the  output 
stage.  The  capacitance  was  introduced  to  reduce  the  initial  voltage 
overshoot  of  100%  from  the  pulse  generator.  This  turn  on  spike  in 
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Figure  11.  Output  Pulse  Wave  Factor  for  Various 


Resistive  Loads 


WVE 

FALTGR 


V FARADS  IN  LOAD 


Figure  12.  Output  Pulse  Wave  Factor  with  40R  I,  and  40Q 
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voltage  of  the  pulse  generator  could  be  used  to  trigger  a break- 
down in  a device  in  which  case  no  capacitance  would  be  desired  in 
the  output  stage. 

The  second  point  shown  by  the  graphs  (Fig.  12)  is  that  a par- 
tially inductive  load,  if  the  inductance  of  the  load  is  small  com- 
pared to  the  line  inductors,  does  not  seriously  degrade  the  wave 
action  or  efficiency  of  the  line.  An  oscillogram  is  shown  in 

I 

Figure  13  that  is  typical  of  the  type  used  to  determine  the  wave 

factors.  The  three  traces  in  the  figure  are  the  voltage  of  the 

load,  top;  the  voltage  of  capacitor  C^,  middle;  and  the  voltage 

of  capacitor  C , bottom,  from  which  the  voltages  across  L and 

6 

are  determined.  The  peaks  in  Figure  13  are  displaced  in  time 

-4 

with  the  expected  displacement  of  1.6x10  seconds  per  section 
for  propagation  of  a signal  along  the  line. 


: f t r 

I i | 

T 

i 

>i  ♦ ♦ -» » ♦ • ♦ » » ♦ 

♦ 

-4-4-4-44-4.  ♦ ♦ +-< 

^ : 



— 

■ -■ 

j ^ :. 

4 

♦ 

h-  ■ 

4 

f 

. 

CHAPTER  III 


FLUX  PUMP 

1.  General  Considerations 

To  charge  the  inductors  of  the  pulse  generator  a discrete 
component  flux  pump  based  on  the  design  of  Laquer^13^  was  con- 
structed. The  pump  as  shown  in  the  Figure  14  operates  in  the 
following  sequence; 

1)  With  switches  SI  and  S2  closed  flux  is  introduced 
to  the  transformer  by  an  externally  sourced  current  in  the 
primary  coil. 

2)  Both  switches  SI  and  S2  are  closed  forming  a super- 
conducting loop  in  the  secondary  in  which  the  transformer  flux 
is  trapped. 

3)  The  external  current  in  the  primary  is  reduced  to  zero 
or  reversed  inducing  a current  in  the  secondary  such  that  flux 
in  the  superconducting  secondary  loop  is  conserved. 

4)  Switch  S2  is  opened  causing  a redistribution  of  flux 
between  the  secondary  coil  and  the  storage  coil. 

If  the  current  induced  in  the  secondary  in  step  3 exceeds  the 
current  in  the  storage  coil,  the  current  established  in  both  the 
secondary  and  storage  coils  in  step  4 will  be  greater  than  the 
initial  current  of  the  storage  coil.  Thus  current  or  its  related 
magnetic  flux  is  pumped  into  the  storage  coil  by  this  device. 

Since  the  development  by  Laquer,  numerous  models  have  been 
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(18-20) 

built  including  publications  detailing  the  controlling 

(21) 

electronics.  However  most  of  these  flux  pumps  cycled  at  slow 

(18  19) 

rates  and  used  thermal  switches.  ' ' The  flux  pump  for  this 

project  was  designed  for  high  speed  cycling,  up  to  several  kilo- 
hertz. To  obtain  high  cycling  rates  magnetic  switches  were  re- 
quired and  a core  of  high  magnetic  permeability  was  used  in  the 
switches  to  reduce  the  current  needed  for  generation  of  a critical 
field. 

The  advantage  of  the  high  cycling  speeds  is  that  for  a given 
size  of  transform,  with  the  saturation  magnetic  field  of  the 
transformer  limiting  the  maximum  energy  transferred  per  cycle, 
more  power  can  flow  through  the  flux  pump.  If  the  cyc- 

ling speed  is  sufficiently  high,  a superconducting  storage  coil 
or  magnet  can  be  charged  directly  from  alternating  current  power 
sources  at  60  or  400  hertz,  for  example.  This  can  greatly 
simplify  the  power  supply  requirements  for  a superconducting 
system  as  only  controlling  electronics  for  the  switches  is  needed 
external  to  the  cryostat  with  no  rectification  of  the  power  into 
flux  pump. 

2.  Flux  Pump  Built 

A diagram  of  the  flux  pump  built  with  schematic  specifica- 
tions is  shown  in  Figure  15.  The  first  of  the  two  major  components 


of  the  flux  pump  is  the  transformer.  The  superconducting  switches 
will  be  discussed  second  and  the  controlling  electronics  are 
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treated  in  the  following  chapter. 

The  choice  of  material  for  the  transformer  core  is  a trade 

off  of  relative  permeability  (pr)  and  saturation  magnetic  field 

(B  ) . A high  B yields  a large  number  of  ampere  turns  for  satu- 
s s 

ration  given  by 

B 2irr 

NI  * — ampere  turns  (14) 

oMr 

for  a toroid  of  radius  r.  The  materials  such  as  iron  which  have 
a high  B^  also  have  high  p^.  which  reduces  the  ampere  turns  needed 
for  a given  field.  The  choice  of  pure  nickel  was  made  because 
nickel  has  a low  p^  equal  to  50  versus  iron’s  4,000  with  Bg  of  .6 
tesla  for  nickel  versus  2 tesla  for  iron.  The  advantage  ~-i  a 
nickel  core  in  high  current  applications  can  be  shown  by  the  satu- 
ration ampere  turns  of  a core  of  5 centimeters  nominal  radius. 

Using  Eq.  (14)  a comparison  of  nickel  and  iron  cores  gives 

Nickel  - 3 x 103  ampere  turns, 

2 

Iron  - 1.2  x 10  ampere  turns. 

The  transformers  built  from  nickel  will  have  a larger  leakage 

flux  them  iron  core  transformers  because  the  p of  the  nickel  is 

r 

only  1%  that  of  the  iron. 

For  use  in  the  flux  pump,  the  high  frequency  limit  of  the 
transformer,  which  is  controlled  by  the  induced  eddy  currents, 
must  be  above  the  operating  frequency  of  the  pump.  Therefore, 
the  core  was  constructed  of  .61  millimeter  diameter  nickel  wire 
with  epoxy  between  the  turns.  The  frequency  limit  can  be  estimated 
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as  the  frequency  that  yields  a skin  depth  equal  to  the  radius  of 
the  wire  used.  This  calculation  is  made  using  the  equation 

f - ~Y~  (15) 

6 nyo 

where  f is  the  frequency,  6 is  the  skin  depth,  y is  the  magnetic 
permeability  and  o is  the  electrical  conductivity  of  the  material. 
For  the  nickel  wire  used,  the  limiting  frequency  is  on  the  order 
of  105  hertz. 

The  transformer  core  was  constructed  by  winding  one  continuous 

length  of  .61  millimeter  diameter  wire  with  epoxy  interlacing.  The 

primary  and  secondary  coils  were  threaded  through  the  center  of 

the  core  with  the  primary  of  200  turns  and  the  secondary  of  2 turns 

both  of  multifilamentry  niobium-titanium  wire. 

The  design  of  the  two  switches  in  the  flux  pump  was  based  on 

the  application  of  a magnetic  field  to  a type  I superconductor. 

Niobium  was  chosen  for  its  critical  field  of  .2  tesla  and  elec- 

“8 

trical  resistivity  at  the  cryogenic  temperatures  of  .5  x 10  £)- 

meters.  A Mumetal  core  was  used  in  the  switches  with  the  niobium 
foil  positioned  in  a 1 millimeter  gap  to  reduce  the  magnetic  re- 
luctance of  the  switch  and  thus  the  power  supply  requirements  to 
generate  the  critical  magnetic  field  to  switch  the  niobium  into 
the  normal  state.  With  a relative  permeability  of  20,000  for 
Mumetal,  all  the  reluctance  in  the  switches  comes  from  the  air 
gap  in  which  the  niobium  foil  was  placed.  For  a 1 millimeter 
gap,  the  required  magnetic  field  of  .2  tesla  is  obtained  with 
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Bi 


NI  — ampere  turns 


(16) 


where  l is  the  length  of  the  gap.  Numerically  150  ampere  turns 

.3 


is  needed  for  switching  compared  with  over  10  ampere  turns  for  an 
air  core  switch. 

The  high  frequency  operation  of  the  switch  can  be  limited  by 
the  eddy  currents  induced  in  the  core  material  limiting  the  pene- 
tration rate  of  magnetic  flux.  The  Mumetal  used  was  in  sheets 
.4  millimeters  thick,  as  the  Mumetal  has  an  electrical  conducti- 
vity lower  than  nickel,  the  limiting  frequency  of  the  Mumetal 
core  will  be  higher  than  that  of  the  transformer  whose  needed 
penetration  depth  is  greater. 

The  second  possible  limit  on  the  switching  rate  was  the  power 
supply  used  to  drive  the  switches.  The  rise  in  current  of  the 
switch  coil  was  limited  by 


dl 

dt 


V 

L 


(17) 


where  V is  the  power  supply  voltage  and  L is  the  inductance  of 


the  switch  coil.  For  the  switches  built,  the  rate  of  current 

.3 


rise  was  limited  to  10  amperes  per  second.  This  will  establish 
the  maximum  frequency  of  the  switches  and  the  flux  pump  at 


f < is: 

ST  - I 

s 


hertz 


(IB) 


where  I is  the  current  needed  to  exceed  the  niobium  critical 
s 
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magnetic  field  and  is  the  frequency  at  which  the  flux  pump 

is  stepped  through  the  states  listed  in  section  3.1. 

The  switches  were  constructed  by  rolling  2 centimeter  wide 

strips  of  Mumetal  on  a 1.5  centimeter  former  with  epoxy  between 

each  layer.  The  hardened  core  was  cut  to  form  a gap  into  which 

a double  layer  of  1.3  x 10  ^ meter  thick  niobium  foil  was  placed. 

The  foil  was  spot  welded  to  the  multifilamentry  niobium-titanium 

wire  used  in  the  flux  pump.  Then  the  gap  was  compressed  by  a 

threaded  brass  rod  through  the  switch  core  to  yield  a minimum  gap 

with  a uniform  magnetic  field. 

The  dimensions  of  the  niobium  foil  were  chosen  to  yield  a 

critical  current  greater  them  20  amperes.  This  high  secondary 

current  was  needed  because  the  low  inductance  in  the  flux  pump 

secondary,  less  than  .5  yhenries,  requires  a high  current  in  the 

secondary  to  store  and  transfer  a reasonable  amount  of  energy  in 

one  cycle.  For  10  amperes  in  the  secondary  there  is  an  energy  of 

10  ^ joules  compared  with  the  energy  in  the  pulse  generator  at  one 
-2 

ampere  of  10  joules.  The  normal  state  of  the  niobium  foil  was 

-3  -4 

5 x 10  £1  yielding  a time  constant  for  the  secondary  of  under  10 

seconds  which  equals  the  minimum  stepping  time  of  the  flux  pump. 

3.  Experimental  Performance 

The  flux  pump  constructed  was  operated  and  did  perform 
according  to  the  theory  derived  by  Laquer  with  high  frequency 
fall  off  of  efficiency  beginning  at  the  expected  stepping  frequency 
of  4 kilohertz.  Two  problems  effected  the  experimental  results; 
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first,  the  low  coupling  of  the  nickel  transformer  to  the  two  turn 
secondary  of  less  than  20%,  which  yielded  an  energy  transfer  effi- 
ciency under  4%;  secondly,  the  spot  welds  used  in  connecting  the 
niobium  foil  switches  introduced  a total  of  SOuft,  limited  the  secon- 
dary critical  current  to  2 amperes  and  reduced  the  current  established 
in  the  secondary  upon  reduction  of  current  in  the  primary,  as  a fully 
superconducting  loop  was  not  established  in  the  secondary. 

The  low  coupling  coefficient  of  the  transformer  was  expected 
from  room  temperature  tests  with  a six  turn  secondary  having  40% 
coupling.  This  same  test  verified  the  transform  action  up  to  40  kilo- 
hertz with  the  secondary  open  circuit  voltage  undiminished.  The  low 
coupling  rendered  calculations  of  the  efficiency  of  the  flux  pump, 
based  on  energy  into  the  primary,  useless  as  they  yielded  results 
that  were  less  than  3%  even  at  the  most  efficient  cycling  rates. 

With  a total  secondary  loop  inductance  of  .3  yhenries  and 
50uft  in  the  spot  welds  of  the  switches,  a time  constant  for  the  cur- 
rent in  the  secondary  of  6 milliseconds  is  obtained.  This  results 
in  a significant  loss  of  flux  in  the  secondary  before  the  S2  switch 
opens  and  flux  is  redistributed  between  the  secondary  and 
storage  coils  at  the  lower  cycling  frequencies.  A graph  of  the  nor- 
malized efficiency  of  the  flux  pump  versus  stepping  frequency  is  shown 
in  Figure  16,  which  shows  the  decline  in  efficiency  at  low  frequencies 
due  to  the  50yfi. 

The  currents  needed  to  operate  the  switches  were  found  to  be 
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.25  amperes  resulting  from  the  gaps  in  the  switches  being  set  as  small 
as  nonuniformities  in  the  surfaces  would  allow.  These  current  levels 
resulted  in  the  high  frequency  fall  off  in  efficiency  of  the  flux 
punqp  shown  in  Fig.  16  being  4 kilohertz  as  expected  by  Eq.  (18) . 
Overdriving  the  switches  to  a current  50%  higher  than  the  value  needed 
for  static  operation  increased  the  high  frequency  efficiency  of  the 
flux  pump  as  full  power  supply  voltage  was  maintained  on  the  switch 
coils  until  after  the  current  was  above  that  needed  for  switching. 

The  decline  in  pump  efficiency  with  the  number  of  cycles  run 
is  plotted  in  Figure  17  and  is  compared  in  Appendix  A with  that  pre- 
dicted by  Laquer.  The  agreement  shown  in  Appendix  A between  theory 
and  experimental  results,  when  the  effect  of  the  SOufl  is  allowed  for, 
helps  to  verify  the  proper  operation  of  the  flux  pump. 


\_jn 

NICKEL 


28.6hH 


Figure  15.  Schematic  of  Flux  Pump  Used  in  the  Pulsed 
Power  Supply. 
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CHAPTER  IV 
EXPERIMENTAL  SYSTEM 

The  two  major  parts  of  the  pulsed  power  supply,  the  pulse 
generator  and  flux  pump,  were  Interconnected  as  shown  in  Figure  18. 

To  operate  the  pulse  generator,  an  electronic  control  system  including 
driver  circuits  was  constructed.  The  control  system  had  three  basic 
functions;  first,  to  operate  the  flux  pump  to  charge  the  storage 
indcutors;  second,  to  open  the  output  switch  of  the  pulse  generator; 
third,  to  determine  the  current  in  the  inductors  and  use  this  infor- 
mation to  initiate  the  other  two  functions.  A flow  diagram  of  the 
control  system  is  shown  in  Figure  19. 

The  control  of  the  flux  pump  was  designed  to  be  flexible  by 
use  of  a variable  clock  driving  shift  registers  whose  inputs  were 
switches  located  on  the  electronics  control  panel.  The  serial  out- 
put of  the  shift  registers  was  used  to  turn  on  or  off  the  current  in 
the  drivers  of  the  transformer  and  the  two  magnetic  switches  of  the 
flux  pump.  All  the  driver  circuits,  including  the  one  for  the  pulse 
generator  switch,  had  adjustable  currents  with  the  value  of  the 

J ] 

voltages  and  currents  of  the  driven  devices  available.  In  the  case 
of  the  transformer  a reverse  demagnetizing  current  was  optionally 
available. 

The  driver  circuit  which  opened  the  pulse  generator  switch 
was  a variable  monostable  controlled  current  source  that  was  triggered 
manually  with  a push  button  or  by  the  automatic  system.  The  automatic 
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system,  when  engaged,  started  and  stopped  the  flux  pump  and  opened 
or  closed  the  pulse  generator  switch  depending  or.  the  current  level 
inside  the  storage  coils  as  determined  by  a hall  probe  located  in  one 
of  the  coils  and  connected  to  a digital  gauss  meter.  The  analog 
voltage  output  of  the  gauss  meter  was  compared  to  a preset  voltage 
level  and  if  it  was  higher  than  the  preset  voltage,  the  flag  circuit's 
output  was  set  to  its  high  state.  The  flag  was  a signal  available 
to  stop  the  flux  pump,  trigger  the  pulse  generator  or  a combination 
of  both  when  its  output  was  in  the  high  state. 

The  outputs  obtained  from  the  pulse  generator  and  used  as 
data  in  Chapter  II  made  use  of  the  fully  automatic  operation  of  the 
pulsed  power  supply.  The  flux  pump  was  operated  at  a 2 kilohertz 
stepping  frequency  until  a current  of  .1  amperes  was  obtained  in  the 
storage  coils  whereupon  a pulse  was  generated  and  the  process  re- 
peated. For  data  used  in  Chapter  III  on  the  flux  pump,  no  pulse  was 
generated;  the  flux  pump  was  driven  until  the  preset  current  level 
was  reached  and  then  stopped. 

The  driver  circuit's  final  stages  were  darlington  transistors 
limited  to  1 or  2 amperes  in  the  different  circuits  and  capable  of 
allowing  a 10  volt  drop  across  the  coils  or  heater.  This  voltage 
formed  the  limit  of  the  charging  speed  of  the  flux  pump  switches  at 
103  amperes  per  second  and  limited  the  thermal  switch  power  to  10 
watts.  The  gating  electronics  and  shift  registers  were  C-Mos  digital 
components  using  the  same  power  supply  as  the  driver  circuits.  An 
FET  op- amp,  to  reduce  loading  effects  on  the  gauss  meter,  was  used  in 
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the  flag  circuit  to  compare  the  current  level  in  the  pulse  generator 
to  the  preset  level. 

The  superconducting  experiment  was  conducted  in  a .1  meter 
diameter  glass  dewar  with  a vacuum  jacket.  Surrounding  the  experi- 
ment was  radiation  shielding  and  liquid  nitrogen  filled  shields.  This 
allowed  running  the  experiment  for  up  to  five  hours  after  filling  with 
liquid  helium.  Precooling  before  filling  with  liquid  helium  was  done 
by  a combination  of  radiation  and  convective  cooling  from  the  liquid 
nitrogen  filled  shields. 


CHAPTER  V 


CONCLUSION  AND  DISCUSSIONS 

1.  Discussion  of  Results 

The  first  objective  of  this  project,  to  demonstrate  high  effi- 
ciency in  pulse  generation  from  superconducting  inductors  with  one 
switch  and  all  passive  components , was  realized.  An  efficiency  of 
over  60%  to  the  load  was  shown  with  the  output  thermal  switch  reducing 
this  value  from  the  near  100%  efficiency  demonstrated  in  the  room 
temperature  version  of  the  pulse  generator.  It  was  also  shown  that 
modification  of  the  edges  of  the  pulse  is  possible  by  varying  the 
components  in  the  output  stage  of  the  generator.  The  transmission 
line  scheme  used  as  discussed  and  demonstrated  experimentally  retained 
high  efficiency  over  a variety  of  loads  including  inductive  loads. 

The  main  disadvantage  to  this  approach  of  pulse  generation  is 
the  large  amount  of  capacitance  needed  to  implement  the  design.  Equal 
amounts  of  energy  storage  capacity  are  required  of  the  inductors  and 
of  the  capacitors;  however,  only  the  inductors  initially  store  energy. 
The  result  is  a 50%  utilization  of  the  energy  storage  capacity  of  the 
line,  which  is  compensated  for  by  the  increased  efficiency  of  pulse 
generation  for  certain  load  requirements.  Under  those  conditions 
discussed  in  section  2.3,  the  pulsed  power  supply,  including  energy 
source,  based  on  the  transmission  line  scheme  can  be  more  economical 
than  a single  inductor  storage  and  discharge  scheme.  Specifications 
on  the  load  requirements  and  constraints  on  the  energy  source  must  be 
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known  for  a design  choice  between  the  two  schemes. 

The  use  of  the  system  built  with  an  improved  output  switch  offers 
versatile  design  parameters  of  output  current,  voltage  and  power. 
Superconducting  wires  offer  the  possibility  of  currents  up  to  hundreds 
of  kiloamperes  and  work  is  being  done  on  handling  voltages  in  the 
hundred  kilovolt  range  inside  the  cryogenic  environment. 

The  flux  pump  built  for  this  project  adds  one  new  feature  to  the 
list  of  advantages  of  a discrete  flux  pump,  which  includes  small 
current  leads  and  generation  of  high  current,  over  direct  charging 
of  superconducting  coils;  the  new  feature  is  high  speed  cycling. 

The  transformer  of  this  flux  pump  could  be  run  directly  from  alterna- 
ting current  sources  of  up  to  2 kilohertz  with  only  timing  circuitry 
for  control  of  the  switches  external  to  the  cryostat.  The  construc- 
tion of  this  type  of  flux  pump  for  slow  cycling  speeds  was  discussed 

(21) 

in  detail  by  Bernat  et  al.  whose  pump  includes  a two  inductor 
secondary  system. 

2.  Work  to  be  Done 

The  most  needed  improvement  to  this  system  is  the  construction 
of  a faster  acting  output  switch.  The  flux  pump  switches  switched 
cleanly  when  turned  on  and  off  at  10  kilohertz;  however,  their  low 
normal  state  resistance,  5mfl,  makes  them  inapplicable  for  the  output 
switch.  Also  a better  method  of  joining  the  niobium  foil  to  the 
superconducting  wire  to  reduce  the  resistance  of  the  joint  below  the 
pohm  range  is  needed  for  the  flux  pump  switches  to  form  better  super- 

E j 

conducting  loops.  As  stated  earlier,  a promising  prospect  for  high 
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Impedance  magnetic  switches  may  lie  in  thin  films  on  which  much  work 
(22-27) 

is  being  done.  These  references  give  an  introduction  to  the 

many  and  varied  problems  that  will  be  encountered  in  development  of 
thin  film  magnetic  switches. 

The  second  major  area  to  be  studied  is  the  design  of  the  pulse 

generator  line.  This,  to  identify  and  test  more  options  in  the  trade 

off  of  capacity  utilization  and  energy  transfer  efficiency,  such  as 

(28) 

tapered  lines  of  the  form  of  time  limited  filters.  Or,  to  make 

modifications  in  the  line  that  would  change  the  shape  of  the  pulse 
by  use  of  different  inductor-capacitor  relations  and  arrangements 
than  the  transmission  line  scheme. 
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APPENDIX  A 


Comparison  of  Experimental  and  Calculated  Pumping  Rates 


(13) 


Prom  Laquer's  analysis  of  the  discrete  flux  pump  the  flux 
established  in  the  storage  coil  after  one  cycle  will  be 


*Load  “ ** 
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where 


A 1 secondary  Secondary 
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just  after  reduction  of  primary  current  and 


Load 


Lsecondary+LLoad 


(21) 


with  subscripts  referenced  to  Figure  14.  After  the  second  pumping 
cycle  the  flux  is 


♦load  3 A(x+x2) 


(22) 


and  after  n cycles 


Load 


A ( 


x-x 


1-x 
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To  compare  the  theory  with  the  data  used  in  Figure  17,  calcu- 


lation of  * . for  two  of  the  data  points  and  comparison  of  the  nor- 

Load 


malized  pumping  rates  with  that  of  the  experiment  is  made.  For  the 
flux  pump  built  the  value  of  x is 
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28.6  mH 

28.6  mH  + . 3yH 


.9999895  . 


The  two  data  points  used  were  at  7911  and  16,082  cycles  with  the 
relative  pumping  rate  given  by 


$ n 
Load  1 


. JL 

<J  . n_ 
Load  2 


n2+! 

(x-x  )nj 

vr_ 

(x-x  )n„ 


and  the  calculated  relative  pumping  rate  equal  to  .96.  This  compares 
with  the  experimental  rate  of  .94;  however,  the  current  lost  due  to 
the  flux  pump  switch  spot  welds  must  be  accounted  for  in  a compari- 
son. Between  the  two  data  points  was  32  seconds  of  pumping  with 
the  average  time  constant 


28.6  mH  . „ ,„3 

— ; ■■■ — = 1.9  x 10  seconds 

15y0 


yielding  a 2%  drop  in  current.  Thus  the  experimental  and  calculated 
relative  pumping  rates  agree  with  the  2%  drop  in  current  during  the 
pumping . 


